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CHAPTER ONE

INTRODUCTION

Convective initiation (CI) is a meteorological phenomenon that is affected by
atmospheric features of varying scales. Despite extensive research, the accurate
prediction of CI remains to be one of the most challenging tasks in meteorology. Yet, its
impact in our society cannot be overstated. The aviation industry suffers substantial
financial losses owing to convective weather (e.g., Murray 2002; Wolfson and Clark
2006; Mecikalski et al. 2007; Iskenderian et al. 2012, 2017) and outdoor events are
disrupted by occasional thunderstorms. The improvement in our ability to accurately
forecast CI is crucial to fulfill the goal of the National Weather Service (NWS) to protect
life and property.
There are several reasons that hinder an ability to make accurate CI predictions.
Numerical weather prediction (NWP) models do not perform well in resolving the
mesoscale (2–25 km) meteorological features that are vital to thunderstorm initiation and
evolution, especially when convective storms are not forced by synoptic or mesoscale
convergence zones (e.g., sea breezes, strong cold fronts). The lack of observational data
also hampers our ability to detect precursors of thunderstorms. Such shortcomings often
make the long-term (1–6+ hours) prediction of CI nearly impossible. However, there is
optimism in our ability to forecast CI in the short-term, specifically in the 0–1 hour
1

timeframe, or so-called “nowcasting”. To accomplish this task, one must properly utilize
radar, satellite, and other observational data.
Several studies (e.g., Wilson and Mueller 1993; Mueller et al. 1993, 2003) have
demonstrated the importance of using sounding, radar, and satellite data in locating areas
of boundary layer convergence lines and deep moisture to help predict likely regions of
thunderstorm formation. Geostationary satellites, in particular, have been increasingly
valuable in CI nowcasting. Roberts and Rutledge (2003, RR03 henceforth) have
developed a method that compares infrared (IR) cloud-top properties with the Weather
Surveillance Radar-1988 Doppler (WSR-88D) radar reflectivity to forecast thunderstorms.
Mecikalski and Bedka (2006, MB06 thereafter), using the Geostationary Operational
Environmental Satellite-12 (GOES-12) imager data, found eight CI “interest fields” to
nowcast thunderstorms in more sophisticated fashion. Additional channels in the
Meteosat Second Generation (MSG) Imager have contributed to the creation of more
satellite indicators related to CI processes (Mecikalski et al. 2010a, b (M10A and M10B
hereinafter); Siewert et al. 2010; Walker et al. 2012).
The current GOES-R (now referred to as GOES-16) CI algorithm, formerly
known as Satellite Convection Analysis and Tracking (SATCAST) in Walker et al.
(2012), uses IR interest fields from MB06 coupled to NWP model data to understand
prime environmental conditions for CI development (Mecikalski et al. 2015), tracks
“cloud objects” (Walker et al. 2012), and determines the probability of CI growth on a
per-cloud-object basis. The addition of NWP output has contributed to better
understanding of ideal environmental conditions for CI formation compared to older
methods that solely used geostationary satellite data. The new generation of
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geostationary satellites (e.g., GOES-16, Himwari-8/9, Meteosat Third Generation) will
provide more opportunities to examine detailed cloud-top properties in evolving cumulus
to accurately nowcast CI. For example, the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) on the Meteosat Second Generation (MSG) satellite provide eight IR
channels at 3 km spatial resolution (Schmetz et al. 2002), derived instability indices
(Koenig and de Coning 2009), and 19 SEVIRI CI “interest fields” were produced in a CI
study by Siewert et al. (2010) over Europe.
This thesis focuses on the 0–1-hour prediction of CI through the use of IR
geostationary satellite data, but specifically develops a new understanding of how multispectral IR data from the Advanced Himawari Imager (AHI) on Himawari-8 can be used
to detect and predict growing cumulus clouds in advance of the CI process. Himawari-8,
a Japanese geostationary satellite, was launched in October 2014 and the region of study
is therefore over Japan and the West Pacific Ocean. The Himawari-8 contains the AHI
that possesses 3 visible (VIS) and 13 IR spectral channels in its arsenal. GOES-16,
which was launched in November 2016, has a very similar instrument to the AHI called
the Advanced Baseline Imager (ABI). These imager instruments are nearly identical with
only minor channel differences. For instance, the AHI has all visible bands used for a
red-green-blue (RGB) color image, but do not have a near-IR channel that is used for
cirrus detection, which is available in the ABI. With the improved spectral (5 vs. 16
channels), temporal (15 vs. 10 minute full-disk scan), and spatial (1–8 km vs. 0.5–2 km
resolution) resolutions compared to those of previous GOES-14/15 satellites, AHI
provides high-quality data to infer cloud-top properties toward advancing our
understanding of the short-term CI prediction, and many other meteorological
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phenomena. Because there have been no prior studies using the AHI, this study can
provide a framework in understanding satellite-derived cloud-top properties via new
geostationary satellites in the near future. In particular, the results found in this thesis
have immediate relevance to implementing an improved CI algorithm using GOES-16
ABI data.
The contents of this thesis are organized as follows. Section 2 describes the
general overview of the history of CI studies and the role of geostationary satellites
within them. A description of the data used and methodology employed within this
research are provided in section 3, with also an emphasis on the Himawari-8 instrument
and statistical procedures. Preliminary results are thoroughly discussed in section 4 to
statistically evaluate the importance of AHI CI indicators in different regions, ending
with CI testing data in section 5 and conclusions focusing on future improvements in CI
algorithms to cap off this study in section 6.
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CHAPTER TWO

BACKGROUND

There has been slow but steady progress in CI prediction research over the past
10–12 years. Numerous issues, however, continue to prevent us from predicting CI
accurately. This section summarizes the history of CI studies, remaining challenges
associated with them and consists of several sections: CI background, CI nowcasting, and
their shortcomings.

2.1 CI Background
The definition of CI used in this study is the first sign of a reflectivity value of 35dBZ or greater at the lowest elevation tilt or –10ºC altitude, which corresponds to the
beginning of convective rainfall (e.g. Browning and Atlas 1965, RR03, MB06). Three
factors play critical roles in convective initiation and thunderstorm development: the
presence of instability, moisture, and a lifting mechanism (Johns and Doswell 1992;
Doswell et al. 1996).
Instability is the first component to trigger thunderstorm development. Many
atmospheric parameters, such as the Convective Available Potential Energy (CAPE) and
Convective Inhibition (CIN), have been found to observe atmospheric instability.
Fortunately, the extensive observational network across the United States helps
5

forecasters to identify areas of instability through the data acquired from
radiosondes, the GOES sounder and numerical weather prediction; they are pivotal to
severe weather forecasting as well (e.g., Menzel et al. 1998; Ellrod et al. 2000; Edwards
et al. 2002).
Moisture is the most vital source of the formation and evolution of convective
storms. Measuring the spatial extent and distribution of water vapor in the atmosphere,
however, is still not possible. Numerous studies (Emanuel et al. 1995; Dabberdt and
Schlatter 1996; Weckwerth and Parsons 2006) have suggested this shortcoming to be the
most detrimental to the accurate prediction of deep convection. Such an issue can only
be resolved by the high spatial and temporal resolutions of the weather instruments that
measure the amount of water vapor (Weckwerth et al. 1999). Furthermore, marginal
differences in the amount of water vapor can dramatically affect the intensity of
thunderstorms (e.g., Crook 1996). Several field campaigns had been conducted to tackle
this problem, including the International H2O Project (IHOP_2002; Weckwerth et al.
2004), the Convective Storm Initiation Project (CSIP; Browning et al. 2007) and the
Convective and Orographically-Induced Precipitation Study (COPS; Wulfmeyer et al.
2008, 2011). Such aforementioned studies have indicated that, regardless of the
geographic or topographic nature of the regions, moisture is a must to initiate convective
development in the atmosphere.
A lifting mechanism is the last requirement for deep convection, which is any
physical or mechanical process that can lift air parcels to the level of free convection
(Doswell et al. 1996), such as convergence along a frontal boundary or air flowing up the
side of a mountain. Many studies have been done on understanding processes such as
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drylines (Ziegler and Rasmussen 1998), frontal boundaries (Koch 1984; Koch and Kocin
1991), and gust fronts (Wilson and Schreiber 1986) among others. Tropical convection is
also triggered by similar features without the presence of synoptic forcing (e.g., Carbon et
al. 2000; Wilson et al. 2001; Stith et al. 2002; Lima and Wilson 2008). Nevertheless,
sources of lift, such as orographic forcing and surface convergence do not guarantee the
development of a convective storm. Doswell et al. (2002) and Markowski et al. (2006)
have examined a few cases when the absence of continuous mesoscale forcing led to
weak thunderstorms, or the lack thereof, yet such events do not receive much recognition.
Wilson et al. (1998) provided the history of short-term thunderstorm forecasting
in the 20th century. The lack of an advanced observational network across the country
made it exceptionally difficult to nowcast thunderstorms during this time period.
However, meteorologists were able to gain understanding of some of the most crucial
processes responsible for the development of thunderstorms, namely boundary layer
convergence (Byers and Braham 1949, Figure 2.1; Watson and Blanchard 1984).
Forecasters were able to detect such features prior to CI through WSR-88D radar (Muller
and Wilson 1989) and visible satellite imagery (Purdom 1976). Hand and Conway (1995)
used an object-oriented method to integrate a conceptual model to depict the evolution of
thunderstorms. While these studies have enriched our understanding of nowcasting deep
convective thunderstorms, the testing of various nowcasting algorithms in the Sydney
2000 Forecast Demonstration Project showed mixed results in thunderstorm detection
(Wilson et al. 2000; Pierce et al. 2004).
Problems also exist with observational data. IHOP_2002 was conducted to obtain
high-quality water vapor measurements in the atmosphere, particularly within the
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atmospheric boundary layer, to seek improvement in quantitative precipitation
forecasting (QPF) and CI detection across the southern Great Plains of the United States.
Some of their findings have been published (see Weckwerth and Parsons 2006 and
Weckwerth et al. 2008 among others for more details). CSIP (Browning et al. 2007) was
conducted in the United Kingdom to study CI in maritime environments without
significant orographic influence. The COPS campaign largely focused on deep
convection influenced by orographic features across France and Germany. Wulfmeyer et
al. (2011) recapped some key findings during the campaign. The data from the COPS
campaign proved to be instrumental in two relevant MSG CI studies (M10A and M10B).

Figure 2.1 A schematic of three phases of the evolution of ordinary thunderstorms,
adapted from Byers and Braham (1949). Three phases consist of, from the left: cumulus,
mature, and dissipating phases.
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2.2 Satellite-Based CI Nowcasting
The biggest advantage with using satellite data to aid in CI detection is its ability
to detect cumulus clouds with the potential to develop into mature thunderstorms. This
has been proven to be beneficial in predicting thunderstorms over the past 45 years
(Purdom 1973 and 1982; Adler and Fenn 1979; Negri and Adler 1981; Adler and Mack
1986; RR03; MB06; Mecikalski et al. 2008; M10A and M10B; Sieglaff et al. 2011;
Walker et al. 2012; Mecikalski et al. 2015; Gravelle et al. 2016). Geostationary satellites
in particular have been a critical part of the prediction of deep convection thanks to their
ability to continuously monitor the life cycle of clouds within the scale of the satellite
pixels onto the scales of thunderstorms and larger mesoscale convective systems.
Because the emphasis of this study is on 0 – 1 hour CI prediction using geostationary
satellite data, the characteristics of geostationary satellites – mostly GOES and MSG –
and their previous works on CI will be thoroughly discussed in the following subsections.

2.2.1 GOES Series
The history of satellite-based CI studies can be traced back to 1970s when GOES1/2 satellites were capable of detecting atmospheric features at a 30-min interval with 1
km (visible spectrum) and 8 km (IR spectrum) spatial resolution. Purdom (1976)
originally demonstrated their potential in monitoring convective clouds to increase
forecasting skill. Similar studies followed, using satellite data to differentiate severe and
non-severe convection (Adler and Fenn 1979) and compare the intensity of thunderstorm
to the amount of rainfall indicated on radar (Negri and Adler 1981). The addition of
three more channels in GOES-8 (Menzel and Purdom 1994) – shortwave IR, water vapor,
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and longwave IR –provided more opportunities to accurately evaluate cloud-top
properties of convective clouds. RR03 conducted a study on the correlation between the
radar reflectivity and 10.7-µm IR channel. They found that the 15-minute trend of the
brightness temperature (TB) of 10.7-µm indicates the intensity of the growth of cumulus
clouds and that cooling rates of –8 and –4ºC per 15-minutes corresponded to strong and
weak strengthening of cumulus clouds, respectively. RR03 also discovered that the 10.7µm TB range in precipitating cumulus clouds was typically between 0 and –20ºC. These
findings enabled forecasters to detect impending thunderstorms with more confidence
and accuracy, and became key components of the GOES-11/12 CI study by MB06.
There are some changes in GOES-12 that contributed to the MB06 CI study: the
improved spatial resolution of water vapor channel – from 8 to 4 km in GOES-12 – and
addition of CO2 band at 13.3-µm (Table 2.1).

Table 2.1 List of spectral channels on GOES-12.
Spectral Channel (in µm)
(and Central Wavelength)

Spatial Resolution (km)

Visible (Ch.1)

0.52–0.8 (0.65)

1

Near-Infrared (Ch.2)

3.78–4.03 (3.9)

4

Infrared (Ch.3)

5.77–7.33 (6.5)

4

Infrared (Ch.4)

10.2–11.2 (10.7)

4

Infrared (Ch.5)

12.9–13.7 (13.3)

8
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MB06 utilized a few sophisticated methods to improve the tracking of cumulus
clouds and their TB trends. First, MB06 applied a convective cloud mask that helps the
algorithm to distinguish cumulus and non-cumulus clouds. Clouds that have no potential
to develop into thunderstorms (such as cirrus) or are already producing rainfall are
singled out in order for the algorithm to focus on developing cumulus clouds. The
mesoscale Atmospheric Motion Vectors (mAMV; see Bedka and Mecikalski (2005) for
more details) were developed to estimate synoptic and mesoscale flows in the atmosphere.
Such flows can be influential in CI development and help to track developing cumulus.
mAMVs also have proven to be important in many metrological studies (e.g., Bedka et al.
2009; Kishtawal et al. 2009; Sears and Velden 2012; Lazarra et al. 2014).
After applying mAMVs and a convective cloud mask in the algorithm, MB06
established eight satellite “interest fields” comprised of TB trends and channel differences
and indicative of properties of maturing cumulus (Figure 2.2). The list of these IR
“interest fields”, the related physical process, and critical values for each interest field are
shown in Table 2.2. For cumulus clouds to be deemed to have CI potential, they must
meet seven of eight CI indicators. This system originally developed by MB06 and
Walker et al. (2012) later became known as the GOES-R CI algorithm in Mecikalski et al.
(2015) and is being widely used in numerous weather agencies. Further study conducted
by Mecikalski et al. (2008) presents the quantitative analysis of the algorithm and its
utility in CI nowcasting. Using skill score and principal component analysis, Mecikalski
et al. (2008) points out all of the seven indicators which provide unique information in CI
nowcasting, with 13.3–10.7 µm TB difference being the most important parameter. It is
evident that the addition of 13.3-µm channel in GOES-12 is valuable in CI detection and
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would be further used in future studies. Walker et al. (2012) developed the method that
tracks a group of pixels in the satellite image that forms “cloud objects”, and has shown
improvement in POD and FAR from case studies across the United States.

Figure 2.2 A GOES-11/12 CI indicators schematic with respect to the development of
cumulus clouds; courtesy of MB06. The figure shows how each of seven satellite interest
fields changes with respect to time during the initiation and evolution of CI. In this figure,
C1 corresponds to the beginning phase of cumulus development, while C2 and C3
illustrate the appearances of an initial radar echo and a 35 dBZ reflectivity, respectively.
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Table 2.2 List of GOES-11/12 CI indicators, their associated physical processes and
critical thresholds from MB06. These include both multi-spectral differences and their
time trends.
CI Interest Field

Related Physical Process

Critical Value

10.7-µm TB

Cloud-top temperature

< 0ºC

10.7-µm TB temporal trend
(15 and 30 min)

Cloud-top cooling rates

< -4ºC (15 min)-1 ;
Δ TB (30 min)-1 < Δ TB (15
min)-1

10.7 µm TB below 0ºC

Cloud-top glaciation

Within prior to 30 min

6.5–10.7 µm difference

Cloud-top height relative to
the tropopause

-35 to -10ºC

6.5–10.7 µm difference
temporal trend (15 min)

Time changes in cloud
height relative to the
tropopause

13.3–10.7 µm difference

Cloud-top height chances

-25 to -5ºC

13.3–10.7 µm difference
temporal trend

Time changes in cloud-top
height

> 3ºC (15 min)-1

> 3ºC (15 min)-1

Despite the substantial progress in CI nowcasting over the past 10+ years, the
Walker et al. (2012) algorithm was limited. One of the problems was a lack of
information about environmental conditions prior to the CI development in a CI
algorithm used in MB06 and Walker et al. (2012), which were added to help constrain the
satellite predictors and to gain a significant increase in forecasting skill (Mecikalski et al.
2015). The MB06 algorithm was able to only provide CI output solely based upon TB
trends in satellite data, which led to misleading results in distinguishing CI and non-CI
signatures. It was also unable to precisely detect nocturnal CI development as the visible
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images used in the cloud mask process were unavailable. An inability to track explosive
development of potential thunderstorms was equally problematic. While the 15-minute
temporal resolution of the GOES satellites was sufficient for most cumulus, some cases
required much finer temporal resolution.
Further progress was made by Mackenzie (2008), who performed a study on
nocturnal CI nowcasting as the expansion of MB06. Although nighttime CI possesses
some unique problems, GOES interest fields from MB06 were found to be useful. The
shortwave infrared 3.9-µm channel was also employed. Applying correlation analysis,
Mackenzie (2008) showed that only the 10.7–3.9 µm TB difference is a reliable nighttime
CI indicator; the rest of the multispectral 3.9-µm TB differences were redundant and
unnecessary. While more studies are necessary to further address this problem,
Mackenzie (2008) was able to provide a framework for the significance of 3.9-µm
channel in many satellite-based studies. More on this will be discussed in Section 3.
The limitation with not including environmental conditions when making the
GOES-based CI predictions was resolved in Mecikalski et al. (2015). The integration of
15 atmospheric parameters from the NOAA Rapid Refresh model in the GOES-R CI
algorithm provided the environmental conditions in regions of CI development.
Combining the NWP model fields with data from next generation of geostationary
satellites would enable the algorithm to more accurately predict the likely areas of CI
occurrence.
In related research, there also has been considerable progress in diagnosing incloud processes using geostationary satellite data. The 1-min resolution Super Rapid
Scan Operations for GOES-R (SRSOR) imagery (Schmit et al. 2013) affords an excellent
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opportunity to assess microphysical processes in convective clouds and the evolution of
rapidly developing thunderstorms. This led to Mecikalski et al. (2016), which examined
71 cumulus cloud updrafts to gain deeper understanding of in-cloud processes using
SRSOR data. Mecikalski et al. (2016) found that the buoyancy profile and entrainment
process within cumulus clouds could be inferred from SRSOR data analyses. They were
also used in conjunction with WSR-88D and total lightning data to understand the
development of convective storms (Bedka et al. 2015), and have proved their importance
of SRSOR in operational weather forecasting (e.g. Terborg 2015; Line and Calhoun 2015;
Line et al. 2016). Given the 30-sec temporal resolution of GOES-16 in mesoscale
settings (Schmit et al. 2015, 2017), these aforementioned studies have provided the
applications of SRSOR data prior to GOES-16 era.
Taking a similar approach from MB06, Harris et al. (2010) developed a method to
nowcast lightning initiation in convective storms. Contrary to the MB06 CI detection
method, the study extensively used the GOES 3.9-µm channel, which is linked to cloud
microphysics, phase and glaciation (e.g. Rosenfeld et al. 2004; Lindsey et al. 2006;
Rosenfeld et al. 2008), and hence to the occurrence of lightning (Siewert 2008).
Furthermore, GOES-12 data were also put to use in estimating cloud-top cooling rate in
thunderstorms (Sieglaff et al. 2011) and detecting overshooting tops (Bedka et al. 2010;
Dworak et al. 2012). These two methods were evaluated by Gravelle et al. (2016) for the
20 May 2013 tornado outbreak in Oklahoma, and validated their usefulness in correctly
approximating the high probabilities of cumulus signatures that eventually developed into
a supercell that spawned an EF5 tornado in Moore, Oklahoma, where the algorithm
indicated a 70% chance of CI occurrence for that emerging cumulus signature.
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2.2.2 MSG Satellite
Previous studies have shown ways to use satellite IR fields in detecting signs of
CI by inferring cloud-top properties. The new generation of geostationary satellites
contains instruments that have considerably better spectral and spatial resolutions as
compared to the satellite Imager instruments such as GOES-14/15, leading to more
detailed analyses of CI and cloud properties in general. Given the relevance of the
methodology used in this study to that used in two other studies by M10A and M10B, a
specific review of these two papers follows.
The SEVIRI on MSG satellite possesses eight IR channels (central wavelengths
of 3.9, 6.25, 7.35, 8.7, 9.66, 10.8, 12.0, and 13.4-µm; Schmetz et al. 2002, see Table 2.3)
that provide additional clues in cloud-top properties of developing CI. M10A gave
insights on implementing these IR channels to understand CI properties. Using 67
satellite “interest fields” initially, M10A conducted correlation and principal component
analyses to select the least redundant 27 fields that would be useful in CI nowcasting.
These fields were further analyzed to examine their significance in three distinct cloud
processes that are associated with developing thunderstorms: cloud depth, updraft
strength, and cloud-top glaciation. The analysis of using additional MSG channels on CI
detection was also performed in M10B. This study, using four visible reflectance
channels (central wavelengths at 0.635, 0.81. 1.64, and 3.9-µm; Schmetz et al. 2002) and
identical methods from M10A, illustrated the value in using 1.6 and 3.9-µm reflectances
in understanding CI processes. Although more research is necessary to apply these
outcomes into the MSG CI algorithm, both M10A and M10B have shown the possibility
of improving CI nowcasting using extra VIS and IR channels in future satellites. Siewert
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et al. (2010) established 19 satellite “interest fields” that are potentially useful in a future
MSG CI algorithm (Table 2.4) with promising results over Europe and Africa, based
upon the results from the aforementioned two studies.
Further studies have been completed using MSG cloud analysis products over
Europe (Mecikalski et al. 2011), and in tandem with dual-polarimetric radar data to
distinguish lightning and non-lightning convective storms (Matthee et al. 2014) as an
extension of the Harris et al. (2010) study done using GOES data. Due to the relatively
small sample size, however, more research is needed to formulate the CI algorithm using
MSG fields similar to GOES-R CI.
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Table 2.3 List of spectral channels on MSG SEVIRI, courtesy of Schmetz et al. (2002).
Spectral Channel (in µm)
(Central Wavelength)

Main Gaseous Absorber
or Window

Visible (Ch.1)

0.635

Window

Visible (Ch.2)

0.81

Window

Near IR (Ch.3)

1.64

Window

IR (Ch.4)

3.9

Window

Water Vapor (Ch.5)

6.25

Water Vapor

Water Vapor (Ch.6)

7.35

Water Vapor

IR (Ch.7)

8.7

Window

IR (Ch.8)

9.66

Ozone

IR (Ch.9)

10.8

Window

IR (Ch.10)

12.0

Window

IR (Ch. 11)

13.4

Carbon Dioxide

HRV

Broadband

Window / Water Vapor
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Table 2.4 List of MSG SEVIRI CI indicators, their associated physical processes, and
critical thresholds from Siewert et al. (2010). Tri-channel is denoted as (8.7–10.8)–
(10.8–12.0) µm.
MSG CI Interest Fields

Physical Process

Critical Value

10.8-µm TB

Cloud-top height/glaciation

-20 to 0ºC

10.8-µm TB drop below
0ºC

Cloud-top glaciation

Within prior to 30 min

10.8-µm temporal trend
(15 and 30 min)

Cloud growth rate

< -4ºC ; Δ TB (30 min)-1 <
Δ TB (15 min)-1

6.2–7.3 µm difference

Breaking of capping
inversion/cloud depth

-25 to 3ºC

6.2–10.8 µm difference

Cloud height relative to dry
air aloft

-35 to -10ºC

6.2–10.8 µm difference
temporal trend (15 min)

Cloud growth towards dry
air aloft

> 3ºC

8.7–10.8 µm difference

Cloud-top glaciation

-10 to 0ºC

8.7–10.8 µm difference
temporal trend (30 min)

Cloud-top glaciation growth

0 to 10ºC

12.0–10.8 µm difference

Height relative to mid- to
upper-troposphere

-3 to 0ºC

12.0–10.8 µm difference
temporal trend (15 and 30
min)

Cloud-growth toward mid to
upper-troposphere

> 0ºC

13.4–10.8 µm difference

Cloud height/updraft volume

-25 to -5ºC

13.4–10.8 µm difference
temporal trend (15 min)

Cloud height/updraft volume
growth

> 3ºC

Tri-channel difference

Cloud-top glaciation

-10 to 0ºC

Tri-channel difference
temporal trend (15 and 30
min)

Cloud-top glaciation growth

> 0ºC
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2.3 Motivation
The analyses of MSG CI indicators in M10A, M10B, and Siewert et al. (2010)
showed the value in using additional visible, near-IR, and IR channels, in addition to
multispectral differencing techniques with various spectral channels and their
connections to physical processes occurring during CI. Yet, there is always potential for
improvement in CI nowcasting as additional VIS and IR channels become available at
higher temporal and spatial resolutions. The Himawari-8 satellite has been providing
high-quality weather information to researchers and forecasters alike in Japan and
surrounding regions after it became fully operational in July 2015. Its main weather
imaging instrument, the AHI, has similar characteristics to the recently launched GOES16 ABI. While there have been several studies on future GOES-16 applications using its
many spectral channels (e.g. Strabala et al. 1994; Schmit et al. 2005; Lindsey et al. 2012,
2014), there have been no studies as of now that fully evaluate the available visible, nearIR, and IR channels to derive cloud-top properties of maturing CI using AHI data. The
AHI provides an excellent opportunity to gain basic understanding of a variety of near-IR
and IR channels and their advantage in numerous weather applications. As such, and
because AHI and ABI are nearly identical imagers, the applicability of the results from
this study to CI nowcasting using GOES-16 data is extremely high.
The goal of this study, as an expansion of M10A and M10B, is to understand:

1) How the diverse spectral channels in AHI can help us to understand physical
processes within growing cumulus clouds prior to and surrounding the CI
process?
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2) What are the most variant IR and near-IR CI indicators as obtained from AHI
imagery, which would provide insights for developing improved Himawari-8
and GOES-16 CI algorithms with AHI and ABI?
3) How the newly added AHI/ABI channels – 2.3 (near-IR), 6.9 (mid-level water
vapor), and 10.4 (long-wave IR)-µm – could be used in detecting CI
formation?

Coupled with these primary goals, this study also seeks to understand how the improved
spatial and temporal resolutions in AHI can positively affect the detection of CI and its
physical understanding. With those goals being established, it is hypothesized that if
added spectral channels from the AHI have significant information in positive CI samples,
then these added channels can be used in CI nowcasting for a future algorithm using the
GOES-16 ABI instrument.
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CHAPTER THREE

DATA AND METHODOLOGY

Three main datasets are extensively analyzed to accomplish the goals of this
thesis: VIS and IR satellite imagery from Himawari-8, WSR-88D and Japan C-band radar
data. This section will discuss these data in great detail and their utility in context of the
satellite-based CI studies. This section also covers various satellite and radar-based
methods that govern the key parts of this study.

3.1 Data and Methodology
3.1.1 Advanced Himawari Imager (AHI) and Interest Fields
The most important dataset used in this study is geostationary satellite imagery
from the AHI on Himawari-8. After becoming operational in July 2015, this instrument
provides unprecedented satellite data to enhance meteorological research, observe
weather phenomena of many kinds, and form state-of-the-art derived satellite products to
nowcast convective storms. The AHI instrument provides full-disk imagery of the
Eastern Hemisphere, including Guam and Japan, which are selected as the areas of this
study, with spatial resolutions of 0.5 to 2 km. It contains sixteen channels with central
wavelengths ranging from 0.47 to 13.3-µm (Table 3.1). A total of twelve channels are
primarily employed for this study. Specific to this study, nine IR bands (6.2, 6.9, 7.3, 8.6,
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Table 3.1 List of spectral channels on Himawari-8 AHI, adapted from the Japan
Meteorological Agency.
(http://www.data.jma.go.jp/mscweb/en/himawari89/space_segment/spsg_ahi.html).
Spectral Channel
(in µm)

Spatial Resolution
(in km)

Band Name

Visible (Ch.1)

0.47

1

Blue Band

Visible (Ch.2)

0.51

1

Green Band

Visible (Ch.3)

0.64

0.5

Red Band

Near-IR (Ch.4)

0.86

1

Veggie Band

Near-IR (Ch.5)

1.6

2

Cirrus Band

Near-IR (Ch.6)

2.3

2

Cloud Particle Size
Band

IR (Ch.7)

3.9

2

Shortwave Window
Band

Water Vapor (Ch.8)

6.2

2

Upper Water Vapor
Band

Water Vapor (Ch.9)

6.9

2

Mid Water Vapor
Band

Water Vapor (Ch.10)

7.3

2

IR (Ch.11)

8.6

2

IR (Ch.12)

9.6

2

Ozone Band

IR (Ch.13)

10.4

2

Clean IR Longwave
Window Band

IR (Ch.14)

11.2

2

IR Longwave
Window Band

IR (Ch.15)

12.4

2

Dirty Longwave
Window Band

IR (Ch.16)

13.3

2

CO2 Longwave
Infrared
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Lower Water Vapor
Band
Cloud-Top Phase
Band

9.6, 10.4, 11.2, 12.4, and 13.3 µm) used to understand three prominent cumulus clouds
attributes prior to CI: cloud depth, cloud-top glaciation, and updraft strength. Three near
IR channels (1.6, 2.3 and 3.9 µm) are examined to understand the inference of cloud
particle size changes and their role in CI development. Having additional channels and
an improved field of view contributes to better detection of small developing cumulus
clouds that previously were not readily seen on the past generation of geostationary
satellites and provides more accurate cloud-top properties. While 2.5 minute interval
“rapid scan” data are available in Japan from the AHI, data at time intervals of 10
minutes were examined to ensure temporal consistency in both areas of our interest.
Combined with 0.5 to 1 min super rapid scan ABI data, the utility of those “rapid scan”
data in CI nowcasting is the subject of future research.
A total of 139 “interest fields”, consisting of multi-channel differences and their
time trends, were created and examined using techniques similar to M10A and M10B.
Numerous past studies indicate that these fields are associated with physical processes in
developing cumulus clouds. However, employing all available fields would “overfit” the
problem, which makes it unsuited to use in real-time applications, and a considerable
amount of redundant information is the result if all 139 fields were to be used in a CI
nowcasting algorithm. It is therefore important to distinguish the fields that provide the
most unique information related to developing cumulus. These methods will be
discussed after a brief overview of the identification of CI cases as used within the main
training component of this study.
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3.1.2 CI Sampling & Case Identification
A radar echo has to reach the threshold of 35 dBZ or above to be defined as CI.
This corresponds to the yellow signature in the NWS color scale on Guam WSR-88D and
JMA C-band radars, and more importantly, it is typically the beginning of precipitation
within mature cumulonimbus clouds. A minor difference in radar data used for this study
is that the Guam WSR-88D is an S-band instrument, while Japan typically uses C-band
radars. However, these radar differences should not impact the definition of reflectivity
thresholds because the only parameter used in this study is simple radar reflectivity.
Dual-pol variables, which could greatly differ depending upon precipitation
characteristics and processes, are not considered. Also, the Marshall-Palmer distribution
is utilized to convert the rainfall rate (mm/hr or to in/hr) to radar reflectivity (dBZ) in the
data.
To identify features that developed into thunderstorms, the data in channels 3
(0.64 µm) and 14 (11.2 µm) are used to sample CI events over the geographical domains
of 10.63º–16.33ºN, 142.01º–147.73ºE (for Guam, Figure 3.1) and 19.35º–47.54ºN,
118.19º–148.73ºE (for Japan, Figure 3.2). All of the images from 0000–0800 and 1800–
2300 UTC were compiled and analyzed to obtain CI cases. An ideal sample displays the
clear development of cumulus clouds over a 20-minute timeframe, corresponding to
increasingly colder pixels in channel 14 image (11.2 µm) data without high cirrus clouds
obscuring the scene. While features in channel 3-imagery (0.64 µm) are a bit vague,
owing mainly to the presence of high-level anvils emanating from remnants of cumulus
clouds, the general trend indicates the appearance of lumpy characteristics of cumulus
clouds within the sampled pixel (M10B). If the identified samples in satellite images
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develop into a 35 dBZ or above echo in corresponding radar data in less than an hour,
they are considered good sample cases to be analyzed further.

Figure 3.1 The area of WSR-88D coverage in Guam. The geographical domain covers
the region of 10.63º–16.33ºN and 142.01º–147.73ºE. In the radar image, from the WSR88D site in Guam International Airport at 0150 UTC, numerous precipitating
cumulonimbus clouds are present, which correspond to the lowest scan reflectivity of 35
dBZ (yellow color).
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Figure 3.2 The area of C-band radar coverage in Japan. The geographical domain covers
the region of 19.35º–47.54ºN and 118.19º–148.73ºE with 20 sites across the country.
The areas of purple represent those of radar coverage in Japan, which stretch from islands
in Okinawa (far southwestern part of the country) to Hokkaido (the northernmost island).

Figures 3.3 and 3.4 demonstrate the development of cumulus clouds in a series of
IR and VIS images and their corresponding CI radar features over the Guam domain.
Here, the tool tracks CI samples by locating a 5 x 5 box around them. If CI samples are
chosen, the tool selects the coldest pixels within a 5 x 5 box and obtains the reflectance
and temperature data. For Japan, on a few occasions, a 25 x 25 box was used to identify
the coldest pixels within CI samples owing to the aerial extent of Japan compared to
Guam; CI pixels are harder to identify with smaller box sizes. A total of 233 CI samples
(104 and 129 in Guam and Japan, respectively) were collected for the period of August
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2015 (Tables 3.2 and 3.3). Because the vast majority of CI samples were identified
within the daytime period, this study does not consider nocturnal CI events that were
examined in Mackenzie (2008) for training data. While all IR channels will behave
similarly across day and night conditions for growing cumulus clouds, any VIS data will
be of no value at night when evaluating CI events.

Figure 3.3 An example of CI events in Guam via AHI 11.2-µm data, with the
corresponding radar image (bottom right panel). The white squares in IR images
represent the locations of developing cumulus clouds over a 20-min time frame, from
0000 to 0020 UTC 1 August 2015. Those cells eventually developed into mature
thunderstorms, which exhibit 35 dBZ radar echoes (yellow) in the radar image.
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Figure 3.4 An example of CI events in Guam via AHI 0.64-µm data, with the
corresponding radar image (bottom right panel). The red squares in VIS images represent
the locations of developing cumulus clouds over a 20-min time frame, from 0000 to 0020
UTC 1 August 2015. Those cells eventually developed into mature thunderstorms, which
exhibit 35 dBZ radar echoes (yellow) in the radar image.
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Table 3.2 The CI days used in this study, with the number of CI events per day in Guam.
Guam
Date

Number of CI Samples

19-Jul

14

21-Jul

8

22-Jul

2

23-Jul

7

24-Jul

5

25-Jul

2

26-Jul

4

27-Jul

4

28-Jul

11

29-Jul

13

30-Jul

6

31-Jul

10

1-Aug

18
104
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Table 3.3 As in Table 3.2, but in Japan.
Japan
Date

Number of CI Samples

1-Aug

26

2-Aug

11

3-Aug

21

4-Aug

36

5-Aug

31

6-Aug

3

7-Aug

1
129

3.1.3 IR Field Analysis
A total of 139 AHI IR fields are formulated to understand three physical
processes that are necessary for the initial phase of CI development. This is a substantial
increase compared to M10A, which similarly evaluated 67 MSG fields to find the most
relevant candidates for the detection of CI. Therefore, some ground rules must be
established to eliminate the fields that are either redundant or simply not suitable for the
CI algorithm. Here are the steps that were taken in this study:
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1) Develop potential CI interest fields for AHI;
2) Remove the fields that are unrelated to CI processes. For example, 9.6-µm
related fields are removed due to its utility in tropopause folding and uppertropospheric ozone detection. For 3.9-µm related fields, their reflected and
emitted components are separated using the reflectance calculation.
3) Relate all collected interest fields to the three unique processes that are
associated with CI development based upon past literature. Consequently,
after a first round of elimination, there are 24 cloud depth (Table 3.4), 24
updraft strength (Table 3.5), and 9 cloud-top glaciation (Table 3.6) IR fields;
4) Conduct statistical analyses, including correlation coefficient (CC, Wilks 2011)
and principal component analysis (PCA), to reduce the number of interest
fields that do have non-redundant information, and also determine the ones are
most likely to contain the most data variation for each of three CI processes.
This process then determines the rankings of the interest fields in the
aforementioned three attributes.

3.1.4 Near-IR Field Analysis
AHI contains four near-IR channels (0.86, 1.6, 2.3, and 3.9 µm). However,
because all 0.86-µm related fields are highly correlated with other VIS channel data
(M10B), the decision was to use only three near-IR fields from 1.6 to 3.9-µm. The
addition of 2.3-µm in AHI could be useful in inferring cloud particle sizes and their
profile (Mecikalski et al. 2007). A total of 12 near-IR fields (Table 3.7) were examined
in this study. While similar methods were implemented to establish the most appropriate
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Table 3.4 Himawari-8 IR interest fields that describe cloud depth in developing cumulus
clouds. They are examined to be used for 0–1 hour CI nowcasting algorithm in the future.
The interest fields that have predetermined critical values have been studied in previous
works. The list of indicators is based upon M10A.
Cloud depth indicators
Interest fields

Critical value (if available)

10.4-µm Tb

Unknown

11.2-µm Tb

< 0°C

10.4–11.2 µm

Unknown

6.2–10.4 µm

Unknown

6.2–11.2 µm

-35 – -10°C

6.2–12.4 µm

Unknown

6.2–13.3 µm

Unknown

6.9–10.4 µm

Unknown

6.9–11.2 µm

Unknown

6.9–12.4 µm

Unknown

6.9–13.3 µm

Unknown

7.3–10.4 µm

Unknown

7.3–11.2 µm

Unknown

7.3–12.4 µm

Unknown

7.3–13.3 µm

Unknown

8.6–10.4 µm

Unknown

8.6–11.2 µm

0 - 10°C

8.6–12.4 µm

Unknown

8.6–13.3 µm

Unknown

8.6–7.3 µm

Approaches 0 with time

8.6–6.9 µm

Approaches 0 with time

6.2–6.9 µm

Approaches 0 with time

6.9–7.3 µm

Approaches 0 with time

6.2–7.3 µm

Approaches 0 with time

Total:
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Table 3.5 As in Table 3.4, but for IR interest fields that describe cumulus cloud-top
glaciation.
Glaciation indicators
Interest fields

Critical value (if available)

8.6–10.4 µm

Unknown

10-min 8.6–10.4 µm

Unknown

10-min 8.6–11.2 µm

Unknown

(8.6–10.4)–(10.4–12.4) µm

Unknown

10-min (8.6–10.4)–(10.4–12.4) µm

Unknown

(8.6–11.2)–(11.2–12.4) µm

-10 – 0°C

10-min (8.6–11.2)–(11.2–12.4) µm

> 0°C

10.4–12.4 µm

Unknown

12.4–11.2 µm

> 1°C

Total:

9
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Table 3.6 As in Table 3.4, but for IR interest fields that describe cumulus updraft
strength.
Updraft Strength indicators
Interest fields

Critical value (if available)

10-min 10.4-µm

Unknown

10-min 11.2-µm

< -4°C (15 min)

10-min 6.2–10.4 µm

Unknown

10-min 6.2–11.2 µm

> 3°C (15 min)

10-min 6.2–12.4 µm

Unknown

10-min 6.2–13.3 µm

Unknown

10-min 6.9–10.4 µm

Unknown

10-min 6.9–11.2 µm

Unknown

10-min 6.9–12.4 µm

Unknown

10-min 6.9–13.3 µm

Unknown

10-min 7.3–10.4 µm

Unknown

10-min 7.3–11.2 µm

Unknown

10-min 7.3–12.4 µm

Unknown

10-min 7.3–13.3 µm

Unknown

10-min 8.6–12.4 µm

Unknown

10-min 8.6–13.3 µm

Unknown

10-min 10.4–12.4 µm

Unknown

10-min 12.4–11.2 µm

> 0°C (15 min)

10-min 13.3–10.4 µm

Unknown

10-min 13.3–11.2 µm

> 3°C (15 min)

10-min 8.6–7.3 µm

Positive Trend

10-min 6.2–6.9 µm

Positive Trend

10-min 6.9–7.3 µm

Positive Trend

10-min 6.2–7.3 µm

Positive Trend

Total:

24
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Table 3.7 As in Table 3.4, but for near-IR interest fields that describe cloud particle
attributes. The list of indicators is based upon M10B.
Near-IR indicators
Interest fields

Critical value (if available)

1.6-µm

8 - 25%

10-min 1.6-µm

Unknown

2.3-µm

Unknown

10-min 2.3-µm

Unknown

3.9-µm

< 5%

10-min 3.9-µm

Unknown

1.6–2.3 µm

Unknown

10-min 1.6–2.3 µm

Unknown

2.3–3.9 µm

Unknown

10-min 2.3–3.9 µm

Unknown

1.6–3.9 µm

Unknown

10-min 1.6–3.9 µm

Unknown

Total:

12
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near-IR CI interest fields, there is a caveat regarding 3.9 µm band that needs to be
resolved.

3.1.4.1 3.9 µm Reflectance Calculation
The 3.9 µm reflectance has been widely used in numerous applications such as,
delineating water and ice phase clouds, owing to its sensitivity to cloud-top microphysics.
Previous studies have shown its utility in cloud-top particle size and glaciation associated
with CI formation (M10B), detailed understanding of convective storms (Setvák and
Doswell 1991; Setvák et al. 2003; Rosenfeld et al. 2004; Lindsey et al. 2006), and
lightning initiation (Siewert 2008; Harris et al. 2010). The computation of 3.9 µm
reflectance is explicitly described in Harris et al. (2010) and M10B and briefly discussed
here.
The 3.9 µm reflectance is calculated by:
Ref3.9µm =

(Rtotal - Remit )

(3.1)

(S - Remit )

where Rtotal , Remit, and S denote the total radiance, Earth-emitted radiance, and
atmospheric solar constant, respectively, with units of mW m-2 sr-1 (cm-1)-1. We can
compute Rtotal and Remit by applying the Planck function (3.2). This requires the IR
brightness temperatures of 3.9 and 11.2-µm in order to discern two distinct components
of the radiance at 3.9 µm.
FK1

Rtotal(emit) =
{

e

FK2
BC1 + (BC2 * TB3.9(11.2) )

(3.2)
}

-1

Six parameters are used to obtain the total and earth-emitted reflectance values. FK1,
FK2, BC1, and BC2 represent specific sensing characteristics of the 3.9 µm band of AHI
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(CIMSS/SSEC 2013). TB3.9 and TB11.2 are brightness temperatures of 3.9 and 11.2-µm.
The longwave IR channel is used to establish a thermal component of the 3.9 µm
radiance, as it has been implemented in earlier studies with 3.9 µm applications in
thunderstorm detection to obtain more accurate 3.9 µm reflectance values. Finally, the
atmospheric solar constant is given by:
S ≈ (2.15 * 10-5 )Rsun cos(SZA )

(3.3)

where Rsun and SZA indicate solar radiation and normalized solar zenith angle. Rsun is
computed on the assumption of the Sun’s black body temperature of 5800K.
Rtotal(emit) =

FK1
FK2
{
}
e BC1 + (BC2 * 5800)

(3.4)
-1

Using those equations, the 3.9-µm reflectance field is used in tandem with other
near-IR channels to assess cloud particle sizes and their roles in CI evolution.

3.1.5 Statistical Procedure
After removing unnecessary fields in the first three steps, the final step requires
careful statistical analyses to further reduce fields and establish the most unique and
important indicators of CI. M10A and M10B implemented the Pearson product-moment
correlation coefficient method (simply CC hereafter) method to eliminate redundant
MSG fields. This study takes an identical approach, removing fields that result in cross
correlation values greater than |0.80| (for IR) or |0.70| (for near-IR). This method was
also used in Mecikalski et al. (2008) with the exception of the removal of satellite-based
indicators. The inclusion of three water vapor (6.2, 6.9 and 7.3-µm) and “clean”
longwave-IR (10.4-µm; Lindsey et al. 2012) channels, however, make the procedures
more complex compared to those of previous two studies. Numerous channel differences
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that were previously unaccounted for, such as 6.2–6.9, 6.9–7.3, 6.2–7.3, 8.6–6.9, 8.6–7.3,
8.6–10.4, and 10.4–12.4 µm (GOES-R Split-Window Difference; Lindsey et al. 2014)
have to be evaluated to find their usage in CI detection. Another factor is the large
number of available indicators associated with numerous spectral channels in Himawari-8.
For instance, prior to the statistical procedure, updraft strength indicators contain 64
available satellite-based indicators – as many as the total number of all available MSG IR
fields used in M10A. Therefore, multiple rounds of CC analysis are performed to sort
out the remaining fields. Additional criteria for the removal of the indicators are included
to see whether:

1) The indicators are replaceable. For instance, 6.2–11.2 µm could be substituted
for 6.2–10.4 µm.
2) Additional research is necessary. The additional spectral channels in
Himawari-8 requires us to understand the relationships between CI attributes and newly
developed channel differences, such as 8.6–6.9 µm and 8.6–7.3 µm.

For near-IR interest fields, because there is sufficient number of CI indicators and
they are not found to be information-redundant fields, the decision was made to not
remove the indicators; it is assumed that all near-IR indicators contain some unique
information in understanding CI processes to varying degrees. This study, however, does
not consider the roles of 0.6 and 0.8 µm related fields that were established in M10B,
because they were found to be information-redundant.
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3.1.5.1 Principal Component Analysis
The last step to establish AHI CI interest fields is a PCA, which represents the
orthogonality of the given data in many atmospheric science studies (e.g., M10A, M10B,
and Apke et al. 2015). For this study, it is used to rank the fields that contain the most
variation for each cumulus cloud attribute. More details on this analysis could be found
in cited literature and textbooks such as Johnson and Wichern (2007). Upon the removal
of information-redundant fields, the remaining ones are determined by PCA to evaluate
how much variation each interest field has. Similar to MSG CI studies (M10A and
M10B) and owing to the magnitude differences in all datasets, the correlation matrix was
utilized. Each component covers the amount of explained variance, which corresponds to
the amount of variation in the data. The ranking is decided by the magnitude of
eigenvalues. This enables us to examine which indicators contain the most variation, and
may likely be of higher priority to include in an enhanced future Himawari-8 or GOES16 CI algorithm that is going to be implemented. A note to remember, however, is that
the highest ranked interest field does not necessarily mean the best indicator of each
attribute. PCA simply provides ranking that determines the interest fields containing
maximum variation. Nonetheless, the ranking of each field should tell us the relative
importance of them in their respective cloud-top attributes.
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CHAPTER FOUR

RESULTS

This chapter provides the detailed results from statistical analyses of selected
satellite interest fields that are related to CI processes. After conducting a series of CC
and PCA procedures to establish several fields containing non-redundant information and
maximum variation, top ranked fields for each attribute are provided to understand their
relative significance in CI forecasting. Additional explanations on the relationships
between each CI fields and their physical understanding are represented to obtain insights
into the implementation of augmented CI algorithm, which will be discussed prior to the
outcome of PCA.

4.1 Physical Understanding
Because the majority of the AHI channels had not been available on past
geostationary satellites, numerous interest fields that are helpful in understanding CI
attributes via Himawari-8 have not been thoroughly studied. This problem makes it
important to find a way to connect those fields with the physical processes associated
with CI.
The weighting function is a key tool to determine these important relationships.
Using the radiative transfer equation, it demonstrates the height range of the atmosphere
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that exhibits the greatest amount of transmittance via individual satellite channels; those
channels can “see” their respective layers in the atmosphere, as the majority of emission
received by satellite emanates from a layer of two in the atmopshere. It is also essential
to be aware of the role of each individual channel in AHI, which are illustrated in Schmit
et al. (2005) through the pre-launch ABI channel evaluation. The high similarity between
these two payloads helps us to understand the characteristics of AHI and its role in
detecting cumulus attributes. The AHI/ABI weighting function plot is presented (Figure
4.1) to discover the relationship between satellite indicators and their association with
cloud-top processes.
For cloud-top attribute, TB difference (ΔTB) approaches zero as a cumulus cloud
grows with time. Many AHI CI indicators that could not be derived in previous satellites
can estimate the cloud-top height. For instance, 6.2-µm channel can detect the uppertropospheric water vapor layer while 10.4-µm infers cloud-top temperature with its
“atmosphere window” location. Combining these two, 6.2–10.4 µm field demonstrates
the cloud-top height relative to the upper troposphere. Any ΔTB values less than zero
would show that the cloud height has not reached the upper troposphere layer. With 12.4
and 13.3-µm channels being the source of cloud-top indicators, same conclusions could
be drawn for fields such as: 6.2–12.4 µm, 6.2–13.3 µm, 7.3–10.4 µm, 7.3–12.4 µm, etc.
However, those two channels are more sensitive to water vapor in the atmosphere,
resulting in cooler cloud-top temperature. There is also an issue of view angle effects,
which are briefly discussed in M10A error issues. Nevertheless, all those listed fields
above can assess the cloud-top height via ΔTB between two different channels, and
exhibit greater values with respect to cumulus development. The comparisons between
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Figure 4.1 Clear-sky ABI/AHI thermal IR weighting functions as a function of altitude,
courtesy of UW/CIMSS. The solid lines are denoted as the plots of ABI; the dashed lines
are denoted as the plots of AHI. U.S. Standard Atmosphere is applied for the weighting
functions.

three water vapor channels: 6.2, 6.9 and 7.3-µm, are also invaluable in addressing
cumulus cloud-top growth. The addition of 6.9-µm in AHI provides better estimation of
cloud-top height. It is helpful to evaluate this in terms of three different water vapor
layers. ΔTB between water vapor channels provide us the picture of the shallow layer of
cumulus clouds. These fields could be particularly useful in Japan, where convective
storms are likely to be shallower due to the mid-latitude location and distinctive
environmental conditions. Many small cumulus clouds fail to develop into deep
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convective storms in this environment, unlike Guam where convective development is far
less impeded with relatively large potential energy with small inhibition. Eventually,
cumulus clouds grow to sufficient height for CI once all those available fields as ΔTB
approaches 0. Glaciation indicators are nearly identical to the ones from M10A, with
8.6–10.4 µm and its related fields being the predominant parameters. With 8.6-µm being
used for depicting cloud-top phase products in conjunction with other IR bands (i.e.,
Schmit et al. 2005), both 8.6–10.4 µm (Ackerman et al. 1992) and (8.6–10.4)–(10.4–12.4)
µm (Strabala et al. 1994) are applied in cloud-top glaciation attribute. Updraft strength
indicators behave in tandem with those of cloud-top attribute and background conditions.
For all temporal trends, with an exception of 10.4-µm cooling rate, the values are positive
as ΔTB for cloud-top attribute between two channels begin to decrease as cumulus clouds
grow up to certain height levels. Once ΔTB becomes zero or slightly positive for cloudtop indicators, it is a sign that cloud-top has reached certain tropospheric layers and the
temporal trend of the given indicator is near zero. If positive values of temporal trends
continue to exist, they signify a continuously developing cumulus cloud and its pixel
could be marked as a possible CI event. In combination with background conditions, the
region of strong upward forcing in Guam is suspected to show greater updraft strength
compared to Japan mainland, where weaker updraft represents prevent the explosive
growth of cumulus clouds preceding thunderstorms. Table 4.1 summarizes the physical
processes related to CI corresponding to newly developed AHI interest fields.
Near-IR bands have been applied to infer the relationships between CI evolution
and cloud-top microphysics through reflectance values. Those being utilized in this study
include: 1.6 (“snow/ice” near-IR), 2.3 (“cloud particle size” near-IR), and 3.9
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Table 4.1 Some of the newly developed AHI interest fields and their associated physical
processes regarding CI evolution. Here, all the fields listed include the added channels in
AHI: 2.3, 6.9, and 10.4-µm. These bands represent cloud-particle size, mid-level water
vapor, and clean IR atmospheric window, respectively.
CI Interest Field

Physical Basis

6.2–6.9 µm

Cloud growth relative to mid-troposphere

6.9–7.3 µm

Cloud growth relative to upper-troposphere

8.6–10.4 µm

Cloud-top glaciation (growth for time
trend)
Cloud-top glaciation (growth for time
trend)
Low-level moisture content & cloud height
relative to mid and upper-troposphere

(8.6–10.4)–(10.4–12.4) µm
10.4–12.4 µm
2.3-µm fraction reflectance

Cloud-top particle size & phase changes

Multispectral reflectance difference

Cloud-top particle size & phase changes in
different heights

(“shortwave window” IR). Reflectance values of near-IR channels are dependent upon
the phase and size of hydrometeors in growing cumulus clouds. Ref1.6 is found to
discriminate liquid and ice hydrometers in clouds (e.g., Greenwald and Christopher 2000;
Schmit et al. 2005), while both Ref2.3 and Ref3.9 are associated with their effective radius.
As the size of cloud-top particles increases, reflectance decreases (e.g., Nakajima and
King 1990; Levizzani and Setvák 1996). M10B, through MSG CI studies, have found
that the glaciation of cloud particles and their size increases corresponds to the rapid
reduction of near-IR reflectance values. Therefore, similar to the M10B MSG study, AHI
near-IR channels could be similarly employed to understand the characteristics of cloudtop particles. PCA results in Europe for MSG reveal that Ref1.6 and Ref3.9 are some of
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the most influential fields in CI studies. The presence of Ref3.9 is crucial to accurately
estimating cloud-top properties. Figure 4.2 shows the plot of the near-IR reflectivity as a
function of cloud-top particle effective radius (in µm). This indicates that
for small particles (below 10 µm), the slope of Ref3.9 is significantly low compared to
that of Ref2.3. However, once the particle grows in excess of 20 µm and approaches the
glaciation stage, the slope of Ref2.3 is further reduced. These features enable us to
retrieve more accurate profiles of cloud-top particle sizes and their roles in CI events.
Another important factor is the lack of the emitted component of Ref2.3. Previous studies
have had to consider the impact of the emitted portion of a 3.9-µm band because it
contains both thermal and solar components. The nature of this band therefore makes it
more challenging to retrieve reflectance profiles of CI pixels. Ref2.3 does not however
require one to calculate the emitted component, and enables us to obtain a much more
accurate picture of the reflectance values. M10B has shown that both Ref1.6 and Ref3.9
could provide some information in cumulus cloud development, as both reflectance
values begin to drop with the glaciation of cloud-top hydrometeors. Because Ref1.6 is
able to infer phase (ice/liquid) changes in clouds, it could be applied to examine the link
between cloud-top phase changes and the beginning of precipitation in thunderstorms.
Both Ref2.3 and Ref3.9 behave similarly during the evolution of cumulus clouds prior to CI
and are influenced by background environments. However, such subtle differences in
characteristics of those near-IR bands must be considered in determining their unique
ness and potential roles in inferring cumulus cloud development, especially with the
addition of a 2.3-µm band in AHI, and consequently much more near-IR fields that could
be used for obtaining cloud-top properties. Because of the aforementioned retrieval
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Figure 4.2 Near-IR reflectance as a function of cloud-top particle effective radius,
courtesy of UW/CIMSS. A blue dotted line represents the cloud particle effective radius
as a function of 2.25 µm reflectance; a thick red line represents that of as a function of
3.9 µm reflectance. The effective radius range of 30 to 40 µm is marked for comparison.

problem, Ref2.3 is more reliable when estimating the role of local environments in the
growth of cloud-top particles.
The multispectral difference between two near-IR channels, such as Ref1.6-3.9,
could be important for both Guam and Japan as compared to some of the channels by
themselves. However, few studies have been done in understanding their roles in CI
evolution, and subsequent studies should be initiated for more information on cloud
development. It has been speculated that near-IR multispectral differences could be used
to demonstrate the vertical profile of cloud particle sizes (Mecikalski et al. 2007). This is
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possible because of the subtle differences in trends of Ref1.6 and Ref3.9 associated with the
growth of hydrometeors in clouds. However, with AHI being the first geostationary
satellite to possess those three near-IR channels, more research will be necessary to
understand their influences in cloud development as we approach to the new era of
geostationary satellites.

4.2 Guam (Tropics)
4.2.1 IR Fields
The rankings of the top 4–8 interest fields for three cloud-top attributes are
represented after the completion of PCA procedures. As previously mentioned, the
magnitude of the eigenvalues is the primary factor in the determination of top interest
fields. Also, two principal components are evaluated to quantify the amount of data
variation stored in given attributes. Although the first principal component explains the
majority of variation, the second component is also used to explain the rest of variation in
the data that could be applied in CI forecasting and complement the results from the first
component for all three CI attributes.
First two principal components contain a total of 81.59% of data variation
(explained variance) for a cloud-depth attribute (Table 4.2). Therefore, the analysis
neglects the rest of components that merely explain less than 20% of the amount of data
variation in CI detection. Because of the importance of 10.4-µm TB in understanding
cloud-top temperature, the decision was made to include this field in the real application
of the interest fields applied for future algorithms as a given parameter in cloud depth
attribute.

48

In estimating cloud depth, the 6.2–10.4 µm (Ackerman 1996; Schmetz et al. 1997)
appears to be the highest ranked interest field (most variation), followed by the 6.2–13.3
and 6.2–12.4 µm fields. For the first principal component (PC1, Table 4.3), which
explains the majority of data variation with nearly 68% of explained variance, top 4 out
of 8 interest fields are associated with the 6.2 µm. The inclusion of the differences
between all three water vapor channels in different heights – 6.2, 6.9 and 7.3-µm – is also
noted. The second principal component (PC2, Table 4.4) result is more intriguing,
exhibiting two split-difference window channels being among the top fields in
understanding the cloud-depth aspect of cumulus clouds, containing next most variation
in the data. These results suggest that the first source of variation is related to two water
vapor channels (6.2 and 7.3-µm), and 6.9 µm related fields also vary greatly despite them
not being highly ranked in PC1.
For the cloud-top glaciation, all ranked fields are associated with 8.6–10.4 µm
(Ackerman et al. 1992; Baum et al. 2000b) and their time trends, combined with the trispectral difference [(8.6–10.4)–(10.4–12.4)] µm (Strabala et al. 1994) and its time trend
(Tables 4.5 and 4.6). All four fields are considered excellent indicators of cloud-top
glaciation, and PC1 result for the AHI indicates likewise. Owing partly to the lesser
number of interest fields for consideration, the first two components are able to explain
approximately 91.6% of explained variance. Because the training data are only for
daytime CI events, 3.9 µm fields are not included in the rankings.
For the updraft strength category, two components can describe about 83.2% of
variance in total data (Table 4.7). Table 4.8 shows that top three ranked fields are linked
to 10.4-µm, with the top field being 10-min 10.4-µm followed by 6.2–10.4 and 6.9–10.4
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µm time trends. Similar to the results of cloud-depth parameter, the changes in
differences between three water vapor channels possess some degree of variation in
understanding the rate of cloud growth preceding CI. The presence of the split-window
difference channel is also notable in both PC1 (Table 4.8) and PC2 (Table 4.9) results,
albeit less significant, this field does seem to play a role in detecting tropical CI
development. Another interesting finding is the presence of 6.2–10.4 and 6.2–7.3 µm
fields in cloud depth and updraft strength attributes, proving their variation in the data for
both CI processes. These PCA outcomes, after finding the fields with most variation,
provide an opening glance at how the added spectral channels in Himawari-8 could
provide new and unique information regarding our understanding of CI and its short-term
prediction.

4.2.2 Near-IR Fields
For the near-IR interest fields, similar procedures are taken to understand the
weighting of each interest field in assessing cloud particle size and its changes in
evolving cumulus clouds. Following the completion of CC and PCA analyses, the top 8
fields are chosen to evaluate their order of maximum variation in near-IR CI interest
fields. Because AHI contains the 2.3-µm band, which is not available on prior GOES
Imagers, it provides a superb opportunity to examine how this addition affects the nearIR PCA result compared to the ones from M10B.
From Tables 4.10 and 4.11, the Ref1.6–3.9 is the interest field with maximum
variation in detecting cumulus clouds via near-IR data. Its time trend also belongs to top
near-IR fields. The rest of them listed in order include: Ref1.6, 10-min Ref1.6, Ref2.3, 10-
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Table 4.2 PCA of the top 12 fields that describe cloud depth in AHI IR data in Guam.
For this analysis, the correlation matrix was implemented and the explained variance (the
amount of information in respective components) is listed to the below. Only first two
components are shown, and a dash indicates the insignificant value (<|0.1|). The method
was adapted from M10A and M10B. The bold values are the ones associated with
interest fields containing maximum variation.
PC1

PC2

IF1

6.2–10.4 µm

-0.35

------

IF2

7.3–10.4 µm

-0.33

------

IF3

6.2–6.9 µm

-0.30

------

IF4

6.9–7.3 µm

-0.33

0.16

IF5

6.2–7.3 µm

-0.33

------

IF6

6.2–12.4 µm

-0.35

-0.10

IF7

6.2–13.3 µm

-0.35

------

IF8

7.3–12.4 µm

-0.32

-0.24

IF9

7.3–13.3 µm

-0.29

-0.17

IF10

8.6–12.4 µm

0.11

-0.69

IF11

10.4–11.2 µm

------

0.26

IF12

10.4–12.4 µm

0.12

-0.56

ExpVar (%)

67.90

13.70

Eigenvalue

8.15

1.64
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81.59

Table 4.3 The ranks of the interest fields for first principal component (PC1) of clouddepth attribute in AHI IR data in Guam.
Top Fields (PC1)
Ranking

Interest Fields

1

6.2–10.4 µm

2

6.2–13.3 µm

3

6.2–12.4 µm

4

6.2–7.3 µm

5

7.3–10.4 µm

6

6.9–7.3 µm

7

7.3–12.4 µm

8

6.2–6.9 µm

Table 4.4 As in Table 4.3, but for second principal component (PC2) of cloud-depth
attribute in AHI IR data in Guam.
Top Fields (PC2)
Ranking

Interest Fields

1

8.6–12.4 µm

2

10.4–12.4 µm

3

10.4–11.2 µm

4

7.3–12.4 µm

5

7.3–13.3 µm

6

6.9–7.3 µm

7

6.2–12.4 µm
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Table 4.5 As in Table 4.2, but for cloud-top glaciation in AHI IR data in Guam. Because
all values from PCA are nearly identical in this case, there are no bold or underline values.
PC1

PC2

IF1

8.6–10.4 µm

0.50

0.52

IF2

10-min 8.6–10.4 µm

0.52

-0.41

IF3

(8.6–10.4)– (10.4–12.4) µm

0.50

0.48

IF4

10-min (8.6–10.4)– (10.4–12.4) µm

0.49

-0.58

ExpVar (%)

75.37

16.19

Eigenvalue

3.01

0.65

91.56

Table 4.6 As in Table 4.3, but for cloud-top glaciation in AHI IR data in Guam.
Ranking

Interest Fields

1

10-min 8.6–10.4 µm

2

8.6–10.4 µm

3

(8.6–10.4)– (10.4–12.4) µm

4

10-min (8.6–10.4)– (10.4–12.4) µm
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Table 4.7 As in Table 4.2, but for updraft strength in AHI IR data in Guam.
PC1

PC2

IF1

10-min 10.4-µm

-0.42

------

IF2

10-min 6.2–10.4 µm

0.42

------

IF3

10-min 6.9–10.4 µm

0.41

0.15

IF4

10-min 7.3–10.4 µm

0.34

0.38

IF5

10-min 10.4–12.4 µm

------

-0.78

IF6

10-min 6.2–6.9 µm

0.32

-0.26

IF7

10-min 6.9–7.3 µm

0.33

-0.25

IF8

10-min 6.2–7.3 µm

0.38

-0.29

ExpVar (%)

68.40

14.82

Eigenvalue

5.47

1.19
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Table 4.8 As in Table 4.3, but for PC1 of updraft strength attribute in AHI IR data in
Guam.
Top Fields (PC1)
Ranking

Interest Fields

1

10-min 10.4-µm

2

10-min 6.2–10.4 µm

3

10-min 6.9–10.4 µm

4

10-min 6.2–7.3 µm

5

10-min 7.3–10.4 µm

6

10-min 6.9–7.3 µm

7

10-min 6.2–6.9 µm

8

10-min 10.4–12.4 µm

Table 4.9 As in Table 4.4, but for PC2 of updraft strength attribute in AHI IR data in
Guam.
Top Fields (PC2)
Ranking

Interest Fields

1

10-min 10.4–12.4 µm

2

10-min 7.3–10.4 µm

3

10-min 6.2–7.3 µm

4

10-min 6.2–6.9 µm

5

10-min 6.9–7.3 µm

6

10-min 6.9–10.4 µm
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min Ref1.6–3.9, etc. The PC1 of near-IR fields represents roughly 34% of the data variance,
followed by 25 and 21% in PC2 and PC3, respectively. Such relative balance of
explained variance shows that all three near-IR fields have some degree of variation in
nowcasting CI. Excluding the fields that involve near-IR channel differences, the top
four fields are: Ref1.6, 10-min Ref1.6, 10-min Ref2.3, and Ref2.3. Both MSG and
Himawari-8 studies show that Ref1.6 continues to be the interest field with great amount
of variation regarding CI forecasting.
Having new 2.3-µm in AHI instrument reveals a rather noteworthy outcome in
comparison with PCA results in M10B. In their MSG study, PCA results suggested the
Ref3.9 and its time trends are thought to be the fields with most variation in sensing
convective clouds. The Himawari-8 PCA results, however, show the lack of Ref3.9 and
its time trends in their rankings. Although next two principal components characterize
some degree of variation in Ref3.9 data (not shown), it is necessary to understand the
reasons behind more data variation in 2.3-µm and its time trend in monitoring convection
through Himawari-8. These observations are better understood in the context of physical
understanding between interest fields and their relationship with the evolution of cumulus
clouds; it is imperative to establish those relationships to avoid the algorithm being used
as a “black box”.

4.3 Japan (Mid-Latitude)
4.3.1 IR Fields
Following the removal of information-redundant interest fields, CC and PCA
analyses are also conducted to identify the fields with most variation for illustrating CI
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Table 4.10 As in Table 4.2, but for near-IR interest fields in AHI near-IR data in Guam.
PC1

PC2

PC3

IF1

1.6-µm

0.38

0.32

0.13

IF2

10-min 1.6-µm

0.38

-0.30

0.15

IF3

2.3-µm

0.31

0.29

-0.32

IF4

10-min 2.3-µm

0.33

-0.21

-0.22

IF5

3.9-µm

------

------

0.39

IF6

10-min 3.9-µm

------

0.33

0.15

IF7

1.6–2.3 µm

0.25

0.18

0.44

IF8

10-min 1.6–2.3 µm

0.24

-0.23

0.40

IF9

2.3–3.9 µm

0.27

0.23

-0.44

IF10

10-min 2.3–3.9 µm

0.23

-0.39

-0.28

IF11

1.6–3.9 µm

0.39

0.31

------

IF12

10-min 1.6–3.9 µm

0.32

-0.43

------

ExpVar (%)

34.03

25.08

20.92

Eigenvalue

4.083

3.010

2.511
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80.03

Table 4.11 As in Table 4.3, but for PC1 of near-IR interest fields in AHI near-IR data in
Guam.
Top Fields
Ranking

Interest Fields

1

1.6–3.9 µm

2

1.6-µm

3

10-min 1.6-µm

4

10-min 2.3-µm

5

10-min 1.6–3.9 µm

6

2.3-µm

7

2.3–3.9 µm

8

1.6–2.3 µm

signatures in Japan. A total of 129 CI samples in Japan are examined to uncover the
rankings of each field in three cloud-top attributes.
Tables 4.12 and 4.13 show somewhat different PCA results and the rankings
compared those in Guam, but little to no field variability is noted across the table. Top
three fields for Japan are with three 6.2-µm related fields containing maximum variation,
and potentially influential indicators of cumulus cloud-depth. One interesting note is the
lack of 6.2–6.9 µm field in Japan. A possible explanation is that the shallow nature of
thunderstorms in Japan minimizes its importance. Guam, due to its location in the tropics,
tends to have a higher tropopause height and greater moisture depth associated with
uninhibited warm, moist air rising into the atmosphere. Japan, in contrast, has a lower
tropopause with being located in mid-latitude and the moist depth is a lot less; a
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combination of orographic forcing along the mountainous areas and strong inhibition
occasionally limits clouds to the lower troposphere. However, further understanding of
critical values of each field and environmental conditions are required to understand these
ranking differences in greater detail. Similar to this attribute in Guam, the second
principal component (Table 4.14) demonstrates the utility of the split-window difference
fields in explaining the depth of evolving cumulus clouds as this field contains next most
variation in the data. Glaciation indicators are identical to those of Guam, with 8.6–10.4
µm and its time trend being the top fields with most variation followed by the tri-spectral
difference and its time trend (Tables 4.15 and 4.16), which shows that not many spectral
fields are necessary to describe this attribute. There are also little changes in PCA for the
updraft strength attribute in Japan (Table 4.17), with Tables 4.18 and 4.19 revealing
slight variability in their rankings. Top 3 of 8 fields are comprised of the 10-min trends
of 10.4-µm, 6.2–10.4 µm, and 6.9–10.4 µm, with the 6.2–10.4 µm being ranked the
highest.

4.3.2 Near-IR Fields
Tables 4.20 and 4.21 show PCA results and the most important near-IR interest
fields for developing cumulus clouds that eventually developed into thunderstorms in
Japan. Similar ranking patterns are found when comparing Tables 4.11 and 4.21. For
Japan CI cases, Ref1.6 is the field with most variation, followed by Ref1.6-3.9, Ref2.3, and
Ref1.6-2.3. While the results point out more variation in 1.6 and 2.3-µm bands for near-IR
cloud top attribute, some minor differences are displayed. In Guam, the time trends of
both channels contain nearly identical variation in detecting cumulus clouds, whereas the
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Table 4.12 As in Table 4.2, but for cloud depth attribute in AHI IR data in Japan.
PC1

PC2

IF1

6.2–10.4 µm

-0.38

-------

IF2

7.3–10.4 µm

-0.34

0.22

IF3

6.2–6.9 µm

-0.16

-0.30

IF4

6.9–7.3 µm

-0.35

-0.10

IF5

6.2–7.3 µm

-0.32

-0.20

IF6

6.2–12.4 µm

-0.38

-------

IF7

6.2–13.3 µm

-0.36

-------

IF8

7.3–12.4 µm

-0.33

-------

IF9

7.3–13.3 µm

-0.29

-------

IF10

8.6–12.4 µm

--------

-0.61

IF11

10.4–11.2 µm

--------

-------

IF12

10.4–12.4 µm

0.14

-0.64

ExpVar (%)

56.72

13.67

Eigenvalue

6.81

1.64
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70.38

Table 4.13 As in Table 4.3, but for PC1 of cloud depth attribute in AHI IR data in Japan.
Top Fields (PC1)
Ranking

Interest Fields

1

6.2–10.4 µm

2

6.2–12.4 µm

3

6.2–13.3 µm

4

6.9–7.3 µm

5

7.3–10.4 µm

6

7.3–12.4 µm

7

6.2–7.3 µm

8

7.3–13.3 µm

Table 4.14 As in Table 4.4, but for PC2 of cloud depth attribute in AHI IR data in Japan.
Top Fields (PC2)
Ranking

Interest Fields

1

10.4–12.4 µm

2

8.6–12.4 µm

3

6.2–6.9 µm

4

7.3–10.4 µm

5

6.2–7.3 µm

6

6.9–7.3 µm

61

Table 4.15 As in Table 4.12, but for cloud-top glaciation attribute in AHI IR data in
Japan.
PC1

PC2

IF1

8.6–10.4 µm

0.50

0.51

IF2

10-min 8.6–10.4 µm

0.52

-0.42

IF3

(8.6–10.4)– (10.4–12.4) µm

0.50

0.48

IF4

10-min (8.6–10.4)– (10.4–12.4) µm

0.49

-0.57

ExpVar (%)

72.77

18.99

Eigenvalue

2.91

0.76

91.76

Table 4.16 As in Table 4.3, but for cloud-top glaciation in AHI IR data in Japan.
Ranking

Interest Fields

1

10-min 8.6–10.4 µm

2

8.6–10.4 µm

3

(8.6–10.4)– (10.4–12.4) µm

4

10-min (8.6–10.4)– (10.4–12.4) µm
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Table 4.17 As in Table 4.12, but for updraft strength attribute in AHI IR data in Japan.
PC1

PC2

IF1

10-min 10.4-µm

-0.41

-------

IF2

10-min 6.2–10.4 µm

0.41

-------

IF3

10-min 6.9–10.4 µm

0.41

0.14

IF4

10-min 7.3–10.4 µm

0.39

0.27

IF5

10-min 10.4–12.4 µm

-0.22

-0.63

IF6

10-min 6.2–6.9 µm

0.26

-0.36

IF7

10-min 6.9–7.3 µm

0.31

-0.40

IF8

10-min 6.2–7.3 µm

0.35

-0.46

ExpVar (%)

70.51

15.83

Eigenvalue

5.64

1.27
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86.34

Table 4.18 As in Table 4.13, but for PC1 of updraft strength attribute in AHI IR data in
Japan.
Top Fields (PC1)
Ranking

Interest Fields

1

10-min 6.2–10.4 µm

2

10-min 10.4-µm

3

10-min 6.9–10.4 µm

4

10-min 7.3–10.4 µm

5

10-min 6.2–7.3 µm

6

10-min 6.9–7.3 µm

7

10-min 6.2–6.9 µm

8

10-min 10.4–12.4 µm

Table 4.19 As in Table 4.14, but for PC2 of updraft strength attribute in AHI IR data in
Japan.
Top Fields (PC2)
Ranking

Interest Fields

1

10-min 10.4–12.4 µm

2

10-min 6.2–7.3 µm

3

10-min 6.9–7.3 µm

4

10-min 6.2–6.9 µm

5

10-min 7.3–10.4 µm

6

10-min 6.9–10.4 µm
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instantaneous fields of the aforementioned channels appear to weight more in Japan. The
reasons behind this discrepancy are unknown as of now and could be the necessary
subject of future research. Nonetheless, overall near-IR results show that Ref1.6 and
Ref2.3 fields have the most variation. This is an interesting conclusion compared to the
one from the MSG study conducted by M10B, which shows Ref3.9 being the field having
most variation in illustrating growing thunderstorms yet lowly ranked among AHI CI
indicators.
There are some important factors to bear in mind, however, in order to draw more
detailed conclusions from a series of PCA results. PCA, as earlier discussed in M10A, is
performed on the assumption of the linear relationship between cumulus cloud properties
and satellite interest fields. Yet the actual processes are far more complicated and only
likely to be captured on rapid-scan satellite observations. Another consideration is the
geographical and topographical differences in domain areas. Unlike the continental
nature of other areas of interest in past studies such as the Great Plains and central Europe,
the areas of this study include the vast swath of islands in the Tropics (Guam) and midlatitudes (Japan). An additional challenge is physical processes affiliated with CI
samples in Japan inlands, as those cumulus clouds are evolved from orographic lifting
along mountainous regions. These convective processes have not been well studied in
the past, and this is a unique study that delves into orographic-related CI studies via
satellite data. To acquire enhanced physical understanding of satellite interest fields and
their corresponding roles in CI processes, it is imperative to understand background
environmental conditions and their influence in developing thunderstorms.
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Table 4.20 As in Table 4.12, but for near-IR interest fields in AHI near-IR data in Japan.
PC1

PC2

PC3

IF1

1.6-µm

0.35

0.28

-------

IF2

10-min 1.6-µm

0.31

-0.37

-------

IF3

2.3-µm

0.32

0.32

-------

IF4

10-min 2.3-µm

0.28

-0.32

0.16

IF5

3.9-µm

0.23

0.21

-0.40

IF6

10-min 3.9-µm

-------

-0.28

-0.65

IF7

1.6–2.3 µm

0.32

0.15

-0.16

IF8

10-min 1.6–2.3 µm

0.25

-0.32

-0.23

IF9

2.3–3.9 µm

0.30

0.30

0.21

IF10

10-min 2.3–3.9 µm

0.28

-0.23

0.49

IF11

1.6–3.9 µm

0.34

0.26

-------

IF12

10-min 1.6–3.9 µm

0.31

-0.33

0.12

ExpVar (%)

53.06

23.32

9.01

Eigenvalue

6.37

2.80

1.08
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85.39

Table 4.21 As in Table 4.13, but for PC1 of near-IR fields in AHI near-IR data in Japan.
Top Fields
Ranking

Interest Fields

1

1.6-µm

2

1.6–3.9 µm

3

2.3-µm

4

1.6–2.3 µm

5

10-min 1.6–3.9 µm

6

10-min 1.6 µm

7

2.3–3.9 µm

8

10-min 2.3-µm

4.4 Environmental Conditions
In order to understand the atmospheric conditions during the evolution of the
preceding cumulus clouds, the evaluation of sounding data is necessary. The skew-T logp upper-air sounding data are highly favored to examine background environmental
parameters that lead to the formation of thunderstorms. For Guam, the Guam
International Airport (PGAC) is the only location in the region that records
meteorological data in the region. Japan, owing to its greater areal extent, has 15
radiosonde stations that make two observations in the atmosphere every day (Figure 4.3).
In this study, eight locations in proximity to the areas of most frequent CI occurrence are
chosen to represent environmental conditions in Japan, which consist of two islands –
Ishigakijima and Naze – and six mainland regions – Fukuoka, Kagoshima, Hamamatsu,
Matsue, Tateno and Wajima. Because there are numerous stations in the mainland,
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Fukuoka is chosen to be the representative of the environmental conditions in Japan
mainland. It is important to note that the vast majority of sounding locations are nearby
the oceans, which pose the possibility of misrepresenting the conditions in the areas of
orographic lifting aiding the evolution of CI in Japan. Nonetheless, the data from these
locations are able to provide useful input that could be integrated in predicting cumulus
clouds prior to fully developed thunderstorms.
Figure 4.4 shows the upper-air sounding data taken in PGAC on 1 August 2015 at
0000 UTC. The most notable feature in its vertical profile is the consistent northeasterly
to easterly flow from 925 to 500 hPa. The temperature profile represents the tall, yet thin
layer of the convective available potential energy (CAPE), coupled with minimal
convective inhibition (CIN) values in the atmosphere. Similar trends could be found in
Ishigakijima (Figure 4.5) and Naze (Figure 4.6), with prominent mid-level easterly flow,
and the ample amount of CAPE combined with the lack of CIN. This leads to the prime
conditions for unconstrained growth of surface-based thunderstorms in these regions.
The atmospheric profiles from mainland locations (e.g., Fukuoka, Figure 4.7) exhibit
different values in temperature. Wind profiles in the majority of locations show westerly
flow in troposphere. Additional features include the lesser and greater values of CAPE
and CIN, respectively. This atmospheric profile suggests that the growth rates of
cumulus clouds are more inhibited in the Japan mainland. Such information could
provide a vital clue in understanding CI developments in diverse areas of Japan.
The detailed look at skew–T parameter values boost our understanding of
environmental conditions in regions of CI occurrences. Tables 4.22 to 4.25 illustrate the
extensive summary of five parameters that are incorporated in the current GOES-R CI
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Figure 4.3 A map of skew-T log-p sounding locations in Japan. There are 15 radiosonde
locations in Japan, with five of them being situated in tropical islands and the rest of 10
sites are locate in mainland. For this thesis, the data from eight sites where the frequency
of CI signatures is the greatest are used.
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Figure 4.4 Skew-T log-p sounding from Guam International Airport (PGAC) on August
1, 2015 at 0000 UTC.
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Figure 4.5 Skew-T log-p sounding from Ishigakijima on August 1, 2015 at 0000 UTC.
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Figure 4.6 Skew-T log-p sounding from Naze on August 1, 2015 at 0000 UTC.
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Figure 4.7 Skew-T log-p sounding from Fukuoka on August 1, 2015 at 0000 UTC.
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algorithm via RAP model output (e.g., Mecikalski et al. 2015) in Guam and Japan. These
parameters are also found to be crucial in exploring environmental conditions conducive
to CI development for both the University of Wisconsin cloud-top-cooling algorithm
(UWCTC) and GOES-R CI (Apke et al. 2015).
In Guam, the upper-air data from twelve CI days are analyzed (Table 4.22). The
freezing level heights are approximated between 4.8 and 5.3 km. The trend of high
CAPE values continues for the remaining CI days with an exception of 30 July, with the
values in excess of 1000 J/kg, with a maximum of approximately 3200 J/kg. The
differences in LCL and LFC heights are fairly marginal, with the majority of data
indicating less than 100 mb differences. The equilibrium level (EL) heights are over the
range of 120 to 180 mb. This corresponds to the high tropopause in tropical regions.
Similar findings could be drawn in atmospheric parameters in southern Japan islands
(Tables 4.23 and 4.24), with relatively large CAPE, minor LCL-LFC heights and high EL.
These findings demonstrate the similarities in atmospheric conditions between these three
locations that are ideal for explosive CI formation without much interference.
The conditions, however, are strikingly different in mainland Japan. From Table
4.25, excluding LFC height and freezing level, many changes could be found in
atmospheric parameters for five CI days. The most notable one is the lack of large CAPE
values in many locations; only six of thirty reports recorded CAPE values in excess of
1000 J/kg. The large differences in LCL-LFC heights are also conspicuous, with LFC
heights ranging between 750 and 300 mb. Having such a significant deviation from the
low-level LFC heights in the previously discussed three regions (Guam, Ishigakijima and
Naze), the implication is that, many CI events are likely to be elevated in nature and
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Table 4.22 Summary of skew-T log-p parameter values from Guam International Airport.
Five parameters are listed for understanding of environmental conditions: freezing level,
convective available potential energy (CAPE), level of free convection (LFC), lifted
condensation level (LCL), and equilibrium level (EL).
Guam International Airport
Freezing Level (mb
CAPE (J/kg)
& m)

LFC (mb)

LCL (mb)

EL (mb)

19-Jul

560 mb (5000 m)

2901.08

955.68

960.91

127

21-Jul

575 mb (4750 m)

2038.75

895.25

937.78

125

22-Jul

573 mb (4820 m)

2741.5

913.87

945.75

131

23-Jul

575 mb (4890 m)

2701.25

910.26

935.43

160

24-Jul

575 mb (4750 m)

1960.71

868.46

937.68

160

25-Jul

575 mb (4800 m)

3202.25

942.68

945.03

136

26-Jul

559 mb (5014 m)

2155.35

884.68

923.85

143

28-Jul

545 mb (5300 m)

1023.69

890.07

918.63

149

29-Jul

565 mb (4900 m)

1004.28

863.91

914.76

148

30-Jul

554 mb (5057 m)

568.61

835.05

907.8

177

31-Jul

550 mb (5120 m)

1538.27

887.95

913.1

148

1-Aug

560 mb (5000 m)

1843.65

885.33

924.66

123
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Table 4.23 As in Table 4.22, but from Ishigakijima sounding.
Ishigakijima
Freezing Level
(mb & m)

CAPE (J/kg)

LFC (mb)

LCL (mb)

EL (mb)

1-Aug

540 mb (5300 m)

1456.68

851.47

911.1

175

2-Aug

562 mb (4974 m)

2657.29

930.27

932.56

138

3-Aug

548 mb (5168 m)

1338.74

870.74

923.61

162

4-Aug

520 mb (5500 m)

1984.78

932.04

939.94

148

5-Aug

537 mb (5262 m)

1561.59

928.98

946.56

160
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Table 4.24 As in Table 4.22, but from Naze sounding.
Naze
Freezing Level
(mb & m)

CAPE (J/kg)

LFC (mb)

LCL (mb)

EL (mb)

1-Aug

570 (4700 m)

1508.22

908.77

920.09

166

2-Aug

560 (5090 m)

880.18

885.28

923.53

189

3-Aug

560 (5000 m)

1558.72

848.95

917.81

181

4-Aug

460 (5200 m)

2215.19

937.64

937.9

171

5-Aug

550 (5050 m)

1158.88

699.29

915.79

218
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Table 4.25 As in Table 4.22, but from Fukuoka sounding.
Fukuoka
Freezing Level
(mb & m)

CAPE (J/kg)

LFC (mb)

LCL (mb)

EL (mb)

1-Aug

547 mb (5200 m)

632.34

649.39

906

200

2-Aug

580 mb (4740 m)

84.79

611.33

882

257

3-Aug

575 mb (4850 m)

149.34

624.97

905.67

271

4-Aug

560 mb (5000 m)

5.70

551.24

901.24

357

5-Aug

550 mb (5000 m)

366.52

532.71

889.59

255

shallow in their growth and evolution. Coupled with slightly lower EL heights of 200 to
300 mb range, the cloud-top heights of mature thunderstorms are expected to be smaller
in comparison with those in tropical islands. However, more datasets are needed to
establish the general atmospheric conditions during CI occurrences. Although 129 CI
samples in Japan should enable us to produce statistical analyses that could be instituted
in creating a future CI algorithm in Guam and Japan, a much larger number of those
cases is needed to optimize interest fields and environmental parameters in detecting CI
events in tropical islands and the mainland of Japan. More detail on this issue will be
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discussed in upcoming sections to seek improvements in our understanding of CI
processes given what can be observed in AHI satellite imagery.

4.5 Physical Applications
Because Himawari-8 is in the early phase of its operation, there are still numerous
details regarding CI forecasting necessary to formulate a sophisticated algorithm (Lee et
al. 2017). The information regarding potentially useful AHI interest fields via PCA was
acquired to predict the growth of explosive cumulus clouds. These interest fields are
used to take a glance at the upcoming development of a AHI algorithm. Here, the TB
profile represents the coldest pixel of the 5 x 5 box that encloses the nearest CI signature
in a 10-min interval. This strategy helps to point out the coldest cloud-tops in the
selected box, which generally correspond to cumulus clouds with the highest probability
of thunderstorm initiation. For time trend fields, the last two sequences of the sample are
chosen to represent cumulus development. While it is equally useful to have the first two
sequences of the image for these interest fields, this study assumes a more consistent
evolution of cumulus clouds, and previous studies have also done similar things. For
instantaneous fields, the last sequence of the sample is applied. With these presumptions,
AHI interest fields can be employed to examine cumulus cloud attributes.
Similar to M10A, four attributes (cloud depth, cloud-top glaciation, updraft
strength, and cloud-top particle changes) are deemed imperative for a detailed
understanding of the physics behind the CI. All of the remaining interest fields are sorted
into these four categories. Although more samples, including non-CI cases, are essential
to illustrate the importance of each field in above attributes, this collection of 233 CI
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samples is still invaluable in determining the potentially useful fields. To test the role of
satellite interest fields in different regional conditions, the field rankings must be
evaluated for both Guam and Japan. While the rankings are similar, there is little
variability in some of the rankings in the IR fields, indicating the differences behind CI
evolution in those two regions. Tables 4.26–4.29 reveal that mean and standard deviation
values are somewhat different between two areas, with those values implying possibly a
larger cloud depth and a slower updraft growth rate in Japan. However, subsequent
research is needed to further understand the conditions behind these relationships.
There are several ways to apply these findings into practical applications for a CI
algorithm. The first method is to set up “critical values” for each interest field in
different categories. It has been used in an earlier version of a CI algorithm such as the
SATCAST in Walker et al. (2012). RR03 also has used those simple thresholds to
predict thunderstorms. For interest fields found in the older SATCAST algorithm, the
pixel is deemed to be a strong CI signature when 4 out of 5 interest fields are met in the
samples. However, because there are numerous AHI fields (20 IR and 8 near-IR) still
available after several rounds of reduction, it is necessary to take further steps to establish
the ultimate interest field list for Himawari-8 data. First, standard deviation values of
interest fields have to be manually refined to set up appropriate critical thresholds. Based
upon previous studies such as Siewert et al. (2010), one idea involves adding from 0.5–
1.0 standard deviation of the mean values of a satellite field to the mean field value to
obtain a reasonable threshold range per field. However, another key issue in setting these
ranges is to maintain physically reasonable explanations. For instance, when the
algorithm seeks to find cloud-top heights in relation to various layers of the atmosphere
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Table 4.26 Mean and standard deviation values in degrees Kelvin (K) for the top 8 AHI
interest fields for cloud depth attribute as shown in Tables 4.3 and 4.13 in Guam and
Japan. Fields are listed by order of the ranking in Guam as shown in Table 4.3, but due
to the marginal differences in rankings this could also be neatly applied for Japan data.
Nonetheless, they suggest field variability in CI growth in different regions.
Critical Values (Cloud Depth)
Guam

Japan

CI Interest Fields

Mean (K)

Std. dev (K)

Mean (K)

Std. dev (K)

6.2–10.4 µm

-31.2

8.59

-35.8

4.79

6.2–13.3 µm

-22.3

6.25

-24.1

3.77

6.2–12.4 µm

-30.1

8.22

-34.4

4.43

6.2–7.3 µm

-15.3

4.07

-17.1

2.13

7.3–10.4 µm

-15.9

4.94

-18.7

3.31

6.9–7.3 µm

-6.4

2.78

-7.1

1.59

7.3–12.4 µm

-14.8

4.64

-17.3

2.93

6.2–6.9 µm

-8.9

1.50

-10.0

0.85
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Table 4.27 As in Table 4.26, but for the AHI interest fields for cloud-top glaciation
attribute as shown in Tables 4.6 and 4.16 in Guam and Japan.
Critical Values (Glaciation)
Guam

Japan

CI Interest Fields

Mean (K)

Std. dev
(K)

Mean (K)

Std. dev
(K)

10-min 8.6–10.4 µm

0.2

2.70

0.2

2.06

8.6–10.4 µm

-1.6

1.87

-1.8

1.55

(8.6–10.4)–(10.4–12.4) µm

-2.7

2.08

-3.2

1.80

10-min (8.6–10.4)–(10.4–12.4)
µm

0.4

3.38

0.4

2.64
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Table 4.28 As in Table 4.26, but for the AHI interest fields for updraft strength attribute
as shown in Tables 4.8 and 4.18 in Guam and Japan.
Critical Values (Updraft Strength)
Guam

Japan

CI Interest Fields

Mean (K)

Std. dev
(K)

Mean (K)

Std. dev
(K)

10-min 10.4-µm

-5.1

4.83

-2.04

3.22

10-min 6.2–10.4-µm

4.6

4.12

2.00

3.13

10-min 6.9–10.4-µm

4.1

3.55

1.94

2.95

10-min 6.2–7.3-µm

1.6

2.28

0.43

0.88

10-min 7.3–10.4-µm

3.0

2.60

1.57

2.55

10-min 6.9–7.3-µm

1.1

1.78

0.37

0.70

10-min 6.2–6.9-µm

0.5

0.88

0.06

0.34

10-min 10.4–12.4-µm

-0.2

1.82

-0.23

1.43
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Table 4.29 As in Table 4.26, but for the AHI interest fields near-IR interest fields as
shown in Tables 4.11 and 4.21 in Guam and Japan (reflectance values).
Critical Values (Near-IR)
Guam

Japan

CI Interest Fields

Mean

Std. dev

Mean

Std. dev

1.6–3.9 µm

0.1495

0.068

0.2162

0.074

1.6-µm

0.1883

0.070

0.3007

0.092

10-min 1.6-µm

-0.0070

0.057

-0.0081

0.070

10-min 2.3-µm

0.0072

0.035

-0.0071

0.040

10-min 1.6–3.9 µm

0.0030

0.062

-0.0014

0.064

2.3-µm

0.1186

0.044

0.1872

0.063

2.3–3.9-µm

0.0799

0.049

0.1026

0.046

1.6–2.3 µm

0.0696

0.053

0.1136

0.037
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(e.g., 6.2–6.9 and 6.9–7.3 µm), the assumption is that ΔTB between these two layers
retain negative values yet gradually approaches to 0 as clouds continually grow through
the atmosphere. Thus, critical thresholds are recommended to be set to hold negative
values for those time trend interest fields; however, positive values can occur in case of
cloud tops reaching the mid-layer inversion.
With each CI physical attribute having 8 interest fields (with an exception of
cloud-top glaciation – 4 fields), only a small number of fields need to be retained to
achieve an efficient algorithm. For this study, top interest fields for each CI attribute are
therefore chosen based upon whether the fields 1) have been used in previous CI studies
(MB06, M10A, M10B, Mecikalski et al. (2016), etc.), 2) contain the least redundant
information and maximum variation via CC and PCA results, and, 3) are less influenced
by local view angle. Similar approaches are implemented in near-IR interest fields.
Table 4.30 shows, using the 14 AHI CI interest fields, the incipient outlook of the AHI
interest fields that could be applied in detecting cumulus clouds with great CI potential.
Note that those fields and their ranges are roughly estimated as of now, and more detailed
adjustments can be made as the research continues with more samples and enhanced
understanding of background conditions in the areas of interest.
This “critical threshold” method is a primitive way for CI forecasting and prone to
many errors. A more sophisticated algorithms require background environmental
conditions, which was originally employed in Mecikalski et al. (2015) using combined
information of the NOAA Rapid Refresh (RAP) numerical weather prediction (NWP)
model parameters and 5 GOES interest fields. For Guam, the tropical region influences
the profile of the weighting function response. The U.S standard atmosphere weighting
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Table 4.30 List of the 14 developed AHI CI interest fields and their critical threshold
values that are measured in the development of CI. For some fields, there are difference
thresholds for the areas of interest to adjust to the local environmental conditions for
Guam and Japan.
CI Interest Field

Critical Threshold Value

10.4-µm TB

0 – 10 ºC (Guam) ; < 0 ºC (Japan)

6.2–10.4 µm TB

-40 – -15 ºC

6.2–6.9 µm TB

-10 – 0 ºC

6.9–7.3 µm TB

-10 – 0 ºC

8.6–10.4 µm TB

< 0 ºC

(8.6–10.4)–(10.4–12.4) µm TB

< 0 ºC

2.3-µm reflectance

< 0.12 (Guam) ; < 0.25 (Japan)

10.4-µm TB 10 minute trend

< -5 ºC (Guam) ; < 0 ºC (Japan)

6.2–10.4 µm TB 10 minute trend

> 5 ºC (Guam) ; > 0 ºC (Japan)

6.2–6.9 µm TB 10 minute trend

> 1 ºC

6.9–7.3 µm TB 10 minute trend

> 1 ºC

8.6–10.4 µm TB 10 minute trend

0 – 5 ºC

(8.6–10.4)–(10.4–12.4) µm 10 minute
trend

0 – 5 ºC

10.4–12.4 µm TB 10 minute trend

0 – 5 ºC
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function response cannot be perfectly applied in this region; the heights of peak
transmittance for certain channels, especially water vapor bands, tend to be higher in the
tropical region. Also, as the sounding data have shown, cumulus clouds grow mostly
unrestrained to become thunderstorms with the lack of CIN in the atmosphere. Thus,
environmental parameters could be used to examine the rate of cloud growth and
potential for CI without the presence of CIN.
Japan has more complications than Guam when considering the use of AHI fields
to predict the occurrence of CI. Because CI is many times elevated in mountainous
regions, and also takes place in a maritime environment, the representations of
background environments are drastically different compared to those from Guam. There
are also greater variations of environmental parameters such as CAPE and CIN in Japan
compared to those in Guam, which impacts the intensity of updrafts within cumulus
clouds and to some extent, cloud-top glaciation. This also means that some cumulus
clouds in Japan might fail to fully reach the CI stage, and dissipates during development.
Thus, while not fully understood, those NWP model parameters should provide
additional information on the likelihood of CI potential in the atmosphere.
Although useful, near-IR reflectance values need to be used with more care.
Scattering properties of cloud-top particles could impact reflectance values of three nearIR bands used in this study. Retrieval errors could exist when 3.9-µm related fields are
used in the algorithm. Also, more relationships between physical processes behind CI
and multispectral near-IR channel differences need to be understood in order to provide
additional near-IR interest fields in upcoming CI algorithm with new geostationary
satellites. In the future, once the relationship between near-IR and IR interest fields and
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physical condition in CI areas are thoroughly understood, after analyzing a massive
number of CI samples and connecting CI processes with multispectral differences, the
algorithm with a probabilistic approach akin to GOES-R CI could be created combining
VIS, near-IR, and IR interest field information and associated NWP-based environmental
conditions. However, for Japan, those data profiles have to be modified accordingly to
different environments across the country, especially places like Okinawa and islands
nearby, where the oceanic and semi-tropical conditions are predominant in the formation
of CI.

4.6 Study Limitations
The large number of training samples (233 CI events) aptly demonstrates the
relevancy of AHI interest fields and their contributions to the detection of CI evolution.
However, there are also several limitations that must be realized in order to accurately
gauge the findings:

1) There are many near-IR and IR channels that have not been extensively used in
previous satellite CI studies, which pose a greater challenge in understanding their
roles in CI forecasting.
2) There have been few past studies in the development and evolution of CI in
various atmospheric environments. Studies such as MB06 and Walker et al.
(2012) primarily focused on the contiguous U.S with a brief glance on tropical
locations such as Florida. Guam and Japan, however, represent unique
background atmospheric conditions associated with pulse-type thunderstorms.
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These problems will be discussed in this section in the context of these two
locations of interest and CI processes affiliated with them.
3) The temporal limitation in thunderstorm detection has been some of the most
troublesome aspects of past CI studies. Although past geostationary satellites,
using data with a temporal resolution of 15 minutes, were able to monitor signs of
cumulus clouds maturing into convective storms, it is nonetheless not adequate to
capture the detailed representation of the evolution of all CI events.

Because a thunderstorm is a complex atmospheric phenomenon, it is crucial to
understand features that could lead to the likelihood of CI occurrence. While AHI has a
temporal resolution of 10 minutes and is able to perform better in this regard, an
instrument with finer temporal frequency is desired. This is a chief concern for regions
such as Guam with its location in the tropics. Tropical convection is generally not a
product of potent synoptic forcing mechanisms; CI is developed out of seemingly tranquil
background conditions. However, the presence of instability and warm-rain
microphysical processes is responsible for more rapid convective development in this
region. This leads to the possibility that some CI samples are very premature or are
already producing heavy rainfall at the surface. Walker et al. (2012) has validated this
concern, with Florida exhibiting the worst rate of CI forecasting versus the rest of
contiguous United States.
However, because the object of the CI algorithm is to capture growing cumulus
clouds in the developing stage, the majority of cases are properly sampled by Himawari-8.
Additional error sources could be related to the subjectivity of the selection of CI samples.
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While the sampling of CI pixels is conducted by a human expert, it is possible that some
cases could have been wrongly sampled or missed out altogether. One of the reasons
behind this shortcoming is attributed to the spatial resolution of AHI. Although it should
provide a high fidelity view of clouds overall as compared to previous geostationary
satellites such as GOES-12 (4 km IR) and MSG (3 km IR) with a 0.5 and 2 km resolution
of VIS and IR images, respectively, occasionally there are CI samples that are even too
coarse for the Himawari-8 sensor. This case applies for Japan mainland: elevated
thunderstorms have a tendency to be shallower and short-lived compared to those of
continental regions. Thus, Japan CI samples are likely to be more error-prone. This
region is also affected by the view angle of Himawari-8. The sensor is able to sense a
clear picture of the top of evolving cumulus clouds in Guam, thanks to a relatively small
viewing angle as the instrument orbits along 140.7ºE longitude and Guam being located
near nadir. Japan, however, is situated in higher latitudes and is a further distance away
from the orbit. This indicates that cloud-top signatures in Japan are coarser as the sensor
points more towards sides of the pre-CI cumulus clouds, which could cause some errors
in the retrieval of cloud-top temperature and reflectance values of CI pixels in the region.
Higher view angles also influence TB differences from nadir (Figure 4.8). From the plot,
the 7.3 and 13.3-µm are the most affected by view angle as the sensor detects features
away from nadir, while “atmospheric window” (10.4, 11.2, and 12.4-µm) channels are
being influenced much less. This shows that one must be careful in applying TB
difference methods off nadir. However, unlike M10A, the 9.6-µm is neglected in this
study, which makes the issue stemming from local view angle less prominent. Cirrus
cloud contamination also poses many difficulties in CI sampling as those high-level
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Figure 4.8 The TB difference from nadir (in K) as a function of local view angle, courtesy
of UW/CIMSS. Although this figure is applicable for ABI, the similarities between ABI
and AHI make it possible to utilize this figure for AHI as well.

clouds obstruct the view of thunderstorms underneath them. The presence of cirrus
clouds more than simply just blocks the view of cumulus clouds developing beneath them,
and also “contaminates” the observed TB values of lower clouds. Specifically, some
pixels may contain a small portion of cirrus clouds that could hugely impact TB
measurements; those clouds exhibit uncharacteristically cold cloud-top temperature. In
Guam, this problem is amplified with the presence of a tropical cyclone in the region.
Numerous high-level clouds and rainbands associated with a tropical system obscure
possible CI features in the region and disrupt the sampling processes. Fortunately, this
problem is less troubling in Japan.
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Aside from the aforementioned common errors, there are also several other issues
that could impact the study results in Guam and Japan. Because Guam is largely located
in an oceanic region, sunglint – a phenomenon that takes place above the ocean surface
when the solar zenith angle is equal to the viewing zenith angle – could be disruptive in
measuring reflectance values. Depending upon the smoothness of ocean surface, the
sensor could detect some portions of ocean nearby CI signatures and either over or
underestimate near-IR reflectance values. A similar problem is also noted in Okinawa as
the reflectance profile in convective storms among islands could be affected by ocean
features. This effect is less pronounced in Japan mainland, yet the region has its own
problem. The majority of thunderstorms occur along the orographic features along the
mountainous areas of the country, resulting in more frequent cold cloud features
emanating from elevated convection. Such cold cloud-top features could obstruct the
view of developing convection in the vicinity and create inaccurate observations of CI
evolution. Other minor issues include:

1) The lack of ground-based radar coverage in the study’s area of interest. This
problem is more striking in Guam, where the WSR-88D radar in the region is
the only way to validate thunderstorms in the area, whereas Japan has
numerous radar sites that can cover widespread areas of the country;
2) The longevity of mature thunderstorms. Once again, Guam poses several
problems associated with this issue. The rapid development of thunderstorms
(>35dBZ) gives less time for CI detection. Yet those storms also could
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quickly dissipate. It is possible that some samples have achieved the radar
echo threshold but fizzled out quickly.
3) Several CI samples had to be discarded owing to gaps in the satellite
timeframe. It is also possible that some CI signatures are even too small for
AHI’s 2 km IR sensor to be captured.
4) Satellite data alone cannot provide the extensive details of inner cloud
processes, such as the role of cloud condensation nuclei in precipitation
growth or the influence of cloud-base temperature.

Because many CI samples (104 in Guam and 129 in Japan) are used for this study,
however, the relationship between AHI interest fields and cloud-top processes could be
understood using a series of statistical analyses. Mean and standard deviation values
(Tables 4.26–4.29) of each interest field are provided to surmise a general overview of
cumulus cloud growth.
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CHAPTER FIVE

TESTING CI SAMPLES

With the number of AHI interest fields being established for each of the three
physical attributes of growing convective clouds (as described above), the testing of
additional CI samples is important in order to understand their validity. To accomplish
this task, several new CI events were collected in Guam (the work is ongoing for Japan)
and their TB thresholds are examined. None of these new samples were used in the
development of the per-field thresholds discussed previously. Because the relationship
between near-IR multispectral channel differences and CI physical processes is still going
to be an active area of research, only AHI IR interest fields are evaluated.
Out of 14 interest fields available in Table 4.35, 12 interest fields are selected to
examine the CI testing data because they are highly ranked in the PCA of IR fields. They
include: 10.4, 6.2–10.4, 6.2–6.9, 6.9–7.3, 8.6–10.4, tri-spectral and their time trends. For
multispectral channel differences, the temperature profiles at 0 to 20 minutes prior to a 35
dBZ radar echo are examined to see changes in CI sample characteristics. All these fields
are also of physical significance in CI detection. The 10.4 and 6.2–10.4 µm TBs are used
to estimate the temperature of the cloud-top and diagnose cloud-top height relative to the
upper-troposphere. Using water vapor channels, both 6.2–6.9 and 6.9–7.3 µm fields are
applied to the cloud-top height related to two different troposphere levels, with 6.2 and
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7.3-µm being the highest and lowest levels of water vapor channel regions, respectively.
Finally, 8.6–10.4 and the tri-spectral channels are necessary in evaluating cloud-top
glaciation. Because the number of CI testing samples – 17 in Guam – is very small
compared to the training data used in CC and PCA, histogram plots are used to examine
when those samples approach the ranges of critical values listed in Table 4.35. For some
of the interest fields, only the established thresholds in Guam are tested; those for Japan
will be evaluated in subsequent studies as more CI testing samples are acquired.
For the 10.4-µm TB, only a small fraction of CI samples are within the range of 0
to 10ºC, with an exception of one sample already having TB below the freezing point.
However, as cumulus clouds proceed into thunderstorms, the number of samples
gradually increases at 10 and 20 minutes prior to CI, with 13 of 17 samples having TBs
within the 0 – 10ºC interval. An interesting finding is that the majority of cloud-top
samples are above the freezing level, which seems contrary to the critical threshold value
found in M10A and Siewert et al. (2010). There are two reasons behind this apparent
contradiction. Because the time sequences of CI samples are between 0 to 20 minutes, it
is likely that the cloud-top temperature is slightly warmer compared to the ones found in
previous studies, which mainly focused on the temperature of the 30 minute sequence for
multispectral interest fields. Cloud-top microphysics could also play a crucial factor in
this case. Unlike the majority of CI events in the United States that have been studied,
thunderstorms in Guam are associated with warm-rain processes due to their tropical
location. A similar trend is noted in 6.2–10.4 µm, with 16 of 17 samples being within the
range of -40 – -15ºC; 9 of 17 samples have temperatures between -35 – -30 ºC. Figure
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5.1 histogram plots graphically represent the trends of cloud-top temperature and estimate
cloud-top height.
For multispectral water vapor channel differences (Figure 5.2), temperature
profiles are slightly more complex compared to fields associated with cloud-top height.
All 17 samples are within the range of -15 – 0ºC, with the majority of samples being
located around -10ºC. At the very beginning of the cumulus cloud growth (T-60min), the
range of TB is more confined for the 6.2–6.9 µm field, compared to the one from 6.9–7.3
µm exhibiting higher TB differences. This is a reasonable output as the temperature
difference approaches zero as clouds continue to grow, and 6.9–7.3 µm measures the
cloud depth in relation to the lower and mid-troposphere. At the end of a timeframe, the
temperature range with the most frequency is located between -11 and -9ºC for 6.2–6.9
µm and -8 and -6ºC for 6.9–7.3 µm, which appears to coincide with -25 – 3ºC for the
6.2–7.3 µm threshold established in Siewert et al. (2010). Another notable feature is the
lack of positive value differences in water vapor channel differences. A possible
explanation behind this finding is the lack of a temperature inversion, which could be
inferred in the PGAC sounding (Figure 4.2). The definitive inversion layer is missing in
Guam sounding data when compared to those of mainland locations in Japan, where the
temperature inversion is present at lower heights. However, because the testing data in
this study area are still relatively new, more samples must be compiled to understand
detailed relationships between the environmental conditions and TB profiles in
multispectral channel differences.
Cloud-top glaciation interest fields (Figure 5.3) – 8.6–10.4 µm and tri-spectral
with 10.4-µm – show that the majority of samples are within the MSG threshold range
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Figure 5.1 Histogram plots of 10.4 µm TB at T-60 (top), T-50 (middle) and T-40 (bottom
– the time period for interest fields) (left), and those of 6.2–10.4 µm TB at same time
intervals (right). Blue lines in the plots denote the critical threshold values established in
Table 4.30 for given interest fields. Bin size is 1 K interval.
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Figure 5.2 As in Figure 5.1, but for 6.2–6.9 (left) and 6.9–7.3 µm TB (right) at T-60 (top),
T-50 (middle), and T-40 (bottom – the time period for interest fields). Blue lines in the
plots denote the critical threshold values established in Table 4.30 for given interest fields.
Bin size is 1 K interval.
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Figure 5.3 As in Figure 5.1, but for 8.6–10.4 (left) and (8.6–10.4)–(10.4–12.4) µm TB
(right) at T-60 (top), T-50 (middle), and T-40 (bottom – the time period for interest
fields). Blue lines in the plots denote the critical threshold values established in Table
4.30 for given interest fields. Bin size is 1 K interval.
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(Table 2.4), with the highest frequency being noted between the -3 and -1ºC range.
While this shows that moderate cloud-top glaciation is occurring during the evolution of
CI in Guam, further tests need to be conducted to establish a finer relationship between
glaciation and background environments. Nonetheless, testing results show that most of
the samples are within the critical threshold range in Table 4.35, indicating that the
estimated threshold ranges for AHI are able to detect CI signatures.
For the 10-min time trend of interest fields (Figure 5.4), it appears that the
majority of samples are in conjunction with the critical threshold values established in
Table 4.35. Interestingly, despite cumulus growth taking place in Guam, many CI
samples contain TB values within critical threshold ranges used in the MSG CI study
(M10A; M10B; Siewert et al. 2010). However, due to the nature of the testing data, it is
unsure as of now of the environmental conditions and their roles in various TB profiles in
the aforementioned interest fields. The characteristics of three water vapor channels and
their impact in diagnosing cloud-top height also require additional future studies,
particularly 6.2–6.9 µm in which many samples are outside of critical ranges owing to
clouds associated with warm-rain processes being unable to extend to the altitude of
maximum weighting function response, with more testing samples including numerous
‘null’ cases; the events that fail to produce a 35 dBZ radar echo or lacks rainfall
altogether. These steps would greatly contribute to the manual adjustment of critical
values for each AHI interest field. With having numerous testing CI samples in Japan,
the comparison of CI processes between Guam and Japan should be more defined and
used to fine-tune the algorithm for different environmental regions across the coverage
area of Himawari-8.
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Figure 5.4 As in Figure 5.1, but for 10 minute trends of 10.4 (top left), 6.2–10.4 (top
right), 6.2–6.9 (mid left), 6.9–7.3 (mid right), 8.6–10.4 (bottom left), and (8.6–10.4)–
(10.4–12.4) µm (bottom right) TB. Blue lines in the plots denote the critical threshold
values established in Table 4.30 for given interest fields. Bin size is 1 K interval.
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CHAPTER SIX

CONCLUSIONS

With the advent of next generation geostationary satellites with significantly more
VIS, IR, and near-IR channels, with data at twice or more the spatial and temporal
resolution of previous satellites, the applications of their new capabilities are vital in
improving weather forecasting. Using the recently launched AHI, this study sought
answers to a few questions that could use various improvements from this instrument to
aid in CI forecasting: How could the newly added channels in AHI be used to detect
strong cumulus clouds prior to CI? What are some of the most notable CI indicators
among numerous AHI interest fields? How are those indicators related to physical
processes behind CI development?
After evaluating numerous AHI CI interest fields, it has been found that 20 IR and
8 near-IR fields provide the most variation in the data that infer four attributes of
evolving cumulus clouds, with 10.4-µm playing a crucial role in all three IR attributes.
Specifically, for cloud depth, 6.2-µm related fields and the split window difference
(10.4–12.4 µm) are some of the fields with most variation, with subtle differences among
three water vapor channels which provide a good glance of CI processes in Guam and
Japan. The rest of the IR attributes resembled the results from previous studies, as 8.6–
10.4 and tri-spectral with 10.4-µm, which have been proven to be great indicators of
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glaciation in prior studies, are considered top ranked fields for cloud-top glaciation. The
differences between water vapor channels and 10.4-µm are highly ranked in updraft
strength attribute.
There is marginal difference in critical values for both Guam and Japan for cloud
depth and cloud-top glaciation categories, with a notable variability in rankings of cloud
depth attribute among three water vapor channel differences. Updraft strength, however,
exhibits variances in critical threshold, with Japan having much weaker updraft intensity
in growing cumulus clouds. While detailed studies on environmental conditions on both
locations need to be accomplished, it is hypothesized that more potent inhibition
forcing associated with CIN could have been one of the factors leading to less explosive
CI development and more likelihood of CI failure. However, because very few studies
have been done regarding thunderstorms in those regions, subsequent research should be
done to fine-tune the threshold to be suitable for those regions. While evaluations with
17 CI testing samples in Guam show that the majority of newly established fields for AHI
perform well in real time, additional data and research should be done to improve the
findings of this study.
For near-IR interest fields, there are some interesting findings associated with the
top eight fields. In both regions, Ref1.6 and Ref2.3 are highly ranked individual fields,
with some near-IR multispectral fields having next most variation in CI forecasting.
Ref3.9, once considered an important field in previous satellites, is ranked fairly low
among near-IR AHI CI indicators. While it still has some uses in obtaining cloud-top
features, its variation is reduced when compared to two other near-IR bands. Also,
cloud-top reflectance values in Japan are much higher compared to Guam at both 1.6 and
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2.3 µm, with differences of 7 to 11% being noted. Decreasing trends of Ref1.6 and Ref2.3
are also noted for cumulus clouds prior to CI, with trends of -0.81% to -0.71% for Ref1.6
in both Guam and Japan.
Future work will include testing the results found in this study in greater detail to
evaluate the validity of these new AHI fields in monitoring CI in Guam and Japan.
However, more extensive research is necessary in order to find the optimal thresholds for
this new CI algorithm, including the cases in which the pixels meet the thresholds yet
never materialize into fully developed CI signatures – bust events. To achieve this goal,
a large number of CI events should be collected to properly understand the relationship
between new IR interest fields and physical characteristics associated with CI. More
research is also necessary in developing the comprehensive relationship between near-IR
fields and CI physical processes, especially the ones affiliated with multispectral near-IR
differences and their time trends. Once these tasks are finished, it would be possible to
integrate all necessary IR, and near-IR interest fields combined with NWP model
information, to more accurately predict potential cumulus clouds in the midst of CI
evolution. This information needs to be adjusted when applied for GOES-16, where the
continental feature of the United States leads to different CI processes with more
explosive updraft intensity and greater cloud-top cooling, which also affects the
microphysical processes inside cumulus clouds.
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